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A  cylindrical   shaped  plasma  is  produced  in   a  helium  capacitively  coupled 

microwave  plasma  (He -CMP)  and  is  applied  to  the  determination  of  silicon  in  organic 

solutions.    Samples  are  introduced  by  nebulization  and  thermal  vaporization.    Spatial 

profiles  of  Si  emission,  microwave  power,  helium  plasma  gas  flow  rate,  and  the  addition 

of  molecular  gases  are  studied.    Electrodes  are  fabricated  from  graphite,  titanium,  and 

tungsten.      Using  pneumatic   nebulization,   the   tungsten   (W)  electrode   gave   lower 

background  and  noise  levels,  compared  to  the  graphite  electrode.  No  deterioration  of  the 

W  electrode  is  visible  after  150  hours  of  operation.    A  limit  of  detection  (LOD),  3a,  of 

0.3  /xg  mL"1,   with  a  relative  standard  deviation   (RSD)  of  2%,   is  obtained  using 

nebulization    as    the    sample    introduction    technique.      Electrode   cups,    for   sample 

introduction  by  thermal  vaporization,  are  made  from  graphite,  titanium,  and  tungsten. 

Graphite  cups  show  memory  effects  and  a  decreased  Si  signal,  compared  to  metal  cups. 

vii 


The  optimum  ashing  power  and  ashing  time  are  135  W  and  10  s,  respectively.  Higher 
ashing  power  levels  or  longer  ashing  times  decreased  the  Si  signal,  probably  due  to 
formation  of  silicon  carbide.  The  LOD  (3c)  for  thermal  vaporization  is  0.03  /xg  mL"1, 
with  a  RSD  of  5-18%. 

Diagnostics,  temperatures  and  electron  number  densities,  are  determined  in  the 
cylindrical  He -CMP.  Electronic  excitation  temperature  (Texc)  is  3400  K.  Rotational 
temperatures  (Trot)  are  «  1600  K  and  »  1900  K,  using  OH  and  N2+,  respectively.  The 
electron  number  density  (nc)  is  4xl014  cm"3.  Values  for  Tcxc,  Trot,  and  ne  are  similar 
for  both  aqueous  and  organic  solutions.  Ionization -recombination  temperatures  (Tion) 
are  6200  K  and  5600  K,  using  aqueous  solutions  of  Cd  and  Mg,  respectively. 
Background  spectra  of  the  cylindrical  He -CMP,  while  introducing  aqueous  and  organic 
solutions,  are  presented. 
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CHAPTER  1 
A  HISTORICAL  PERSPECTIVE  OF  PLASMAS 


Plasmas  in  Elemental  Analysis 

The  quantitative  and  qualitative  analysis  of  elements  is  routinely  performed  by 
atomic  spectroscopy.  One  of  the  common  ways  is  observing  emission  of  electromagnetic 
radiation  as  elements  are  introduced  into  a  plasma.  A  plasma  is  a  partially  ionized  gas 
in  which  a  portion  of  the  atomic  or  molecular  species  are  present  as  ions.  Common 
examples  include  neon  lamps,  argon  welding  arcs,  and  interstellar  space.1  The  plasma 
in  the  most  popular  analytical  technique  is  an  inductively  coupled  plasma  (ICP).  The 
ICP  uses  radio  frequency  to  generate  a  fluctuating  magnetic  field  in  which  the  ions  and 
electrons  interact.  Plasmas  may  also  be  formed  using  microwave  radiation.  Microwave 
plasmas  may  be  divided  into  categories  which  depend  on  the  way  energy  is  transferred 
to  the  plasma.  Microwave  induced  plasmas  (MIP)  and  capacitively  coupled  microwave 
plasmas  (CMP)  use  different  means  of  coupling  the  microwave  energy.  In  the  MIP,  the 
plasma  is  generated  inside  a  quartz  discharge  tube  which  is  held  in  a  resonant  cavity. 
The  microwave  energy  is  transferred  from  the  generator  to  the  cavity  using  a  coaxial 
cable.2  In  the  CMP,  a  magnetron  generates  the  microwave  energy  which  is  directed 
through  a  waveguide  to  an  electrode.  The  plasma  is  formed  at  the  top  of  the  electrode. 
In  the  following  sections,  different  plasmas  (CMP,  MIP,  and  ICP)  will  be  compared. 
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The  history  and  application  of  CMPs  as  emission  sources  will  be  presented  along  with 

the  instrumentation  used  in  this  research. 

Plasma  Sources 

In  comparison  to  TCP,  microwave  plasmas  offer  several  advantages.  Microwave 
plasmas  generally  have  lower  initial  and  operating  costs.  Due  to  the  popularity  of 
commercial  microwave  ovens,  magnetrons  are  low  cost  and  widely  available.  Since 
microwave  ovens  operate  at  2450  Mhz,  this  frequency  is  commonly  employed  in 
microwave  plasmas.  Most  microwave  plasmas  operate  at  lower  gas  flow  rates  than  the 
ICP,  thus  decreasing  operational  costs. 

There  are  several  reviews  covering  MIPs.3-7  In  comparison  to  CMP,  the  MIP 
has  greater  stability  and  lower  background  noise  when  operated  at  similar  power  levels. 
MIPs  do  not  have  contamination  or  background  problems  associated  with  the  electrode, 
which  has  to  be  routinely  replaced  in  CMPs.  In  comparison  to  ICPs,  the  MIP  is  a  lower 
cost  system  and  may  be  operated  with  He  or  air,  where  the  ICP  is  usually  operated  with 
argon.  With  these  advantages,  the  MIP  has  been  widely  used  as  an  analytical  technique 
in  comparison  to  the  CMP.  The  MIP  has  been  primarily  used  as  a  detector  for  gas 
chromatography8,9  and  supercritical  fluid  chromatography10  (SFC).  Currently,  a  gas 
chromatograph  with  an  MIP  detector  is  commercially  available  (HP  5921  AED,  Hewlett 
Packard,  USA).    The  MIP  is  also  a  source  for  a  mass  spectrometer.11 

The  CMP  does  offer  several  advantages  over  the  MIP.  Higher  power  levels  may 
be  used  with  the  CMP.      In  the  MIP,  there  is  excessive  heat  produced  in  the  coaxial 
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cable  and  coupling  loop  with  power  levels  above  150  W.12  The  MIP  requires  additional 

transformers  to  impart  continuity  of  the  impedance  between  the  coaxial  cable  and  the 

solid  state  generators.12   A  very  small  plasma  is  produced  by  the  MIP  in  contrast  to  the 

CMP.    The  plasma  diameter  in  the  MIP  ranges  from  0.5  to  4  mm  with  a  length  of  10 

to  30  mm.13,14   Dimensions  of  the  plasma  in  the  CMP  are  approximately  8-25  mm  in 

diameter  with  a  length  of  25-70  mm.    Since  the  MIP  is  a  small  plasma  and  must  be 

operated  at  low  power  levels,  there  is  difficulty  in  introducing  samples  as  solutions. 

Plasma  enthalpy  is  insufficient  in  the  MIP  to  desolvate  and  vaporize  aerosols  effectively 

from  directly  nebulized  solutions.13,15  Several  research  groups  have  introduced  solutions 

into  an  MIP,  usually  employing  an  ultrasonic  nebulizer  or  desolvation -condensation 

system  to  remove  water.1617    The  plasma  may  still  be  extinguished  if  aerosols  are 

introduced  over  a  long  time  or  if  concentrated  solutions  (>500  jug  mL"1)  are  used.16 

Small  quantities  (3-5  /xg)  of  material  can  easily  perturb  the  stability  and  excitation 

capability  of  the  MIP.3    By  operating  CMPs  at  higher  power,  they  are  more  tolerant  to 

molecular  species  and  have  an  increased  ability  to  desolvate,  atomize,  and  excite  species 

that  have  been  introduced. 

Several  groups  have  compared  the  performance  of  an  ICP  with  the  CMP.18,19 

Boumans  et  al.20  performed  the  analysis  of  solutions  by  optical  emission  spectrometry 

(OES)  using  both  the  ICP  and  CMP.    The  characteristics  studied  included  detection 

limits,  matrix  effects,  sensitivity,  and  precision.   Results  were  corrected  for  instrumental 

differences  like  nebulizer  introduction  rates,  and  those  of  the  measuring  equipment 

(transmission  factor,  photomultiplier  responsivity,  etc.).  They  concluded  the  ICP -OES 


4 
was  superior,   due  to  better  overall  detection   limits,   higher  sensitivity,  and  lower 

interelement  interferences.  Relative  standard  deviations  for  the  12  elements  studied  were 

worse  in  CMP-OES.    The  conclusion  was  the  ICP  demonstrated  an  overall  supremacy 

to   the  CMP  as   an   excitation   source   for  simultaneous   multi- element  analysis  of 

solutions.20 

Plasma  Gases 

Several  different  gases  are  employed  in  producing  plasmas.  In  ICPs,  argon  is 
generally  used,  with  helium  and  nitrogen  also  having  been  used.  The  helium  plasma  in 
an  ICP,  He -ICP,  has  problems  in  stability  and  arcing  to  the  induction  coil.21  A  thin, 
needle  plasma  is  formed  in  the  He-ICP  which  makes  injection  of  the  sample  difficult.22 
Nitrogen-  and  air -ICPs  exhibit  molecular  band  spectra,  which  cause  spectral 
interferences.22  Helium  and  argon  are  the  preferred  gases  since  they  give  no  molecular 
background  spectra.23  Tanabe  et  al.24  reported  the  background  in  a  helium  MIP  was  an 
order  of  magnitude  lower  than  with  an  argon  MIP.  Comparing  helium  and  argon,  helium 
has  a  higher  electrical  resistivity  which  causes  a  lower  power  transfer  efficiency  in  the 
plasma.25  The  thermal  conductivity  of  helium  is  greater  than  argon.  In  helium  plasmas, 
the  heat  dissipates  faster  toward  the  outer  tube  of  the  torch,  increasing  the  chances  of  the 
torch  melting.22  Minimization  of  helium  "attacking"  the  torch  is  accomplished  by  adding 
a  small  amount  of  H2  (or  N2)  to  the  plasma  gas.26  Several  groups  have  researched 
special  torch  designs  for  use  with  helium  plasmas.  ]4-]5-21~29  The  ionization  energy  of  He 
(24.587  eV)  is  greater  than  that  of  argon  (15.759  eV).30  Because  of  this,  helium  plasmas 
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should  be  more  efficient  as  sources  for  emission  analysis.25   Helium  has  the  advantage 

over  argon  in  populating  the  higher  energy  levels  of  free  atoms  and  ions.31    Helium 

plasmas  have  been  applied  to  the  analysis  of  halogens32-34  and  nonmetals.35  Microwave 

plasmas  have  been  successfully  operated  using  argon,  helium,  nitrogen,  and  air.36 

In  the  past,  CMPs  have  not  been  researched  as  extensively  as  ICPs  or  MIPs, 

possibly  owing  to  the  success  and  commercialization  of  ICP  and  MIP  systems.  Still  there 

exists  the  possibility  that  CMP  has  the  potential  to  be  an  alternative  source  for  OES. 

This  research  centers  on  the  further  development  of  the  CMP  for  OES.    The  following 

discussion  is  on  CMP  and  the  techniques  of  MIP  and  ICP  will  only  be  mentioned  for 

comparison  purposes.    The  history,  applications,  and  instrumentation  of  the  CMP  will 

be  discussed  in  greater  detail. 

History  of  Capacitively  Coupled  Plasmas 

Capacitively  Coupled  High -Frequency  Plasmas 

Plasmas  have  been  studied  for  over  60  years.  They  may  be  classified  according 
to  the  frequency  of  electromagnetic  radiation  used  to  produce  the  plasma.  These  are 
radio  (Rf)  and  microwave  frequency.  Radio  frequency  plasmas  use  frequencies  below 
109  Hz.  This  frequency  range  has  also  been  referred  to  as  "high-frequency"  (hf)- 
Microwave  plasmas  use  frequencies  greater  than  109  Hz  (GHz).  Early  research  centered 
around  hf  plasmas.  In  1933,  Rohde  and  Schwarz37  produced  a  "flammenbogen,"  or  gas 
discharge,  and  studied  the  current  and  voltage  relationship.    Asami  and  Hori38  were  the 
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first  to  examine  the  emission  spectrum  of  this  gas  discharge.    They  identified  02,  NO, 

OH,  N2,  N2+,   N02  and  NH  bands  in  the  spectrum.     Cristescu  and  Grigorovici39 

developed  a  hf  discharge.    A  high  frequency  oscillator  output  was  applied  to  two  plates, 

separated  vertically  by  up  to  15  cm.   The  lower  plate  had  a  copper  cone  with  a  platinum 

tip.    A  discharge  was  formed  at  this  tip  by  touching  with  an  isolated  conductor.    The 

conductor  caused  electrons  to  be  emitted  from  the  resulting  heat  generated  by  the  strong 

electric  field.     By  collisions,  the  gas  was  heated  and  enough  ionization  occurred  to 

sustain  the  discharge.   Based  on  this  description,  what  they  had  was  a  plasma.   A  plasma 

is  defined  as  being  a  partially  ionized  gas.   In  the  same  year,  Cristescu  and  Grigorovici40 

determined  the  temperature  to  be  3000-3600  K  using  a  power  level  of  650  W.    This 

temperature  was  determined  by  the  N2  and  OH  bands  of  the  spectrum.   Later,  the  same 

authors  published  some  of  the  theoretical  treatments  of  the  discharge  they  described  in 

194 1.41       A    mechanism    was    proposed    based    on    electrical,    optical    and    thermal 

measurements.    Calculations  included  current  vs  power  characteristics  of  the  plasma.41 

High-frequency  plasmas  have  been   used  to  analyze  aqueous  solutions  by 

OES.42'43  Badarau  et  al.43  used  a  nickel  tipped  electrode  operating  at  a  frequency  of  43 

MHz.    Solutions  were  introduced,  by  a  nebulization  process,  into  the  air  plasma.    The 

sensitivity  of  13  elements  were  comparable  to  those  obtained  in  an  air -acetylene  flame. 

Dunken  et  al.42  employed  a  capacitively  coupled  radio -frequency  plasma  (50  MHz)  for 

the  analysis  of  aqueous  solutions.  Calibration  curves  were  made  for  Ca,  Sr,  Ba,  Cr,  and 

Mn.  The  concentration  of  the  elements  ranged  from  30  to  7000  ppm.  Relative  standard 

deviations  were  approximately   10%.     Recently,  a  commercial  instrument  (Aurora 
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Instruments,  LTD.,  Vancouver,  B.C.,  Canada)  became  available  which  utilizes  an  Rf 

plasma  inside  a  graphite  furnace  atomic  absorption  spectrometer  (GFAAS).44  A  graphite 

electrode  (rod)  is  placed  in  the  center  of  the  graphite  tube  (furnace)  of  the  GFAAS.  The 

27.12  MHz  Rf  generator  is  connected  to  the  central  electrode  and  used  to  generate  the 

plasma.    The  furnace  acts  as  the  counter -electrode.    This  instrument  is  referred  to  as 

a    graphite    furnace    capacitively    coupled    plasma    atomic    emission    spectrometer 

(GFCCP-AES).  Furnace  atomization  plasma  emission  spectrometry  (FAPES)  is  another 

acronym.   Sturgeon  et  al.45  applied  this  system  to  the  analysis  of  nine  elements  (Ag,  Cd, 

Pb,  Ni,  Be,  Fe,  Bi,  Cu,  and  P).    Detection  limits  (3<r)  were  between  2  and  164  pg. 

Precision  was  2-12%  with  a  linear  dynamic  range  of  2-4  orders  of  magnitude. 

Capacitively  Coupled  Microwave  Plasmas 

Microwave  plasmas  were  initially  discovered  during  the  development  of  radar 
equipment.46  The  formation  of  these  plasmas  caused  problems  in  the  design  of  radar 
transmitting  receiving  switches.  Physicists  became  involved  as  microwave  plasmas 
presented  a  new  area  of  research.26  During  the  1940s,  microwave  plasma  systems  were 
developed,  theoretical  aspects  undertaken,  and  fundamental  processes  (temperature, 
electron  density,  etc.)  studied.  In  the  1960s,  actual  applications  were  reported.  Since 
1981,  Dahmen47  has  given  an  annual  review  on  microwave  plasmas. 

Cobine  and  Wilbur48  studied  plasmas  produced  with  an  "electron  torch."  The 
apparatus  described  used  a  1000  MHz  magnetron  to  produce  microwaves  at  1  kW  of 
power.  The  plasma  was  produced  at  the  tip  of  a  rod  made  from  tungsten  and/or  copper. 
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Gases  employed  were  air,  nitrogen,  carbon  dioxide,  argon,  and  helium.  They  found  the 

air,  N2,  and  C02  plasmas  would  melt  a  tungsten  rod  (mp  =  3370°C).  An  argon  plasma 

would  barely  ignite  paper  held  axially  in  the  plasma.  The  explanation  was  argon  did  not 

dissociate  into  any  other  species. 

Future  work  with  plasmas,  using  a  central  electrode,  are  based  on  the  work  on 
Cobine  and  Wilbur. 4S  In  these  systems,  the  microwaves  generated  by  a  source  are 
coupled,  via  a  waveguide,  to  the  electrode.  The  technique  is  then  termed  capacitively 
coupled  microwave  plasma  (CMP).  The  first  application  of  a  CMP,  for  the  analysis  of 
solutions  or  solids,  was  performed  by  Mavrodineanu  and  Hughes.49  Mavrodineanu  and 
Hughes49  used  a  2450  MHz  magnetron  to  produce  a  helium  plasma.  Solid  samples  were 
analyzed  using  a  graphite  cup  electrode.  The  plasma  formed  on  the  top  of  the  electrode 
and  vaporized  the  sample.  In  addition,  several  elements  in  aqueous  solution  were 
determined  using  a  pneumatic  nebulizer.  The  limits  of  detection  were  in  the  range  of  10 
ppm  (Mo,  Pb,  and  Zn)  to  0.8  ppm  (Na).  Temperature  of  the  helium  discharge  was 
estimated  between  2900  and  3300  K  by  its  ability  to  melt  molybdenum  but  not  tantalum 
or  tungsten. 

Jecht  and  Kessler50  developed  a  similar  CMP  which  used  a  molybdenum  water- 
cooled  electrode.  They  investigated  plasmas  produced  at  2400  MHz  for  air,  nitrogen, 
and  helium.  The  temperature  was  estimated  at  4000  K  using  the  NO  rotational  band  at 
2370  A.  This  CMP-OES  system  was  then  used  in  several  applications  to  real  samples. 
Limestone  and  dolomit  were  analyzed  for  the  concentration  of  Ca,  Mg,  Al  and  Fe.51  In 
1971,  CMP-OES  was  used  to  analyze  Na,  Ca,  Mg,  Al,  and  Fe  in  glasses  and  the  raw 
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batch  materials.52   Murayama  et  al.53  introduced  solutions  by  nebulization  into  a  CMP. 

This  work  employed  a  water-cooled  aluminum  electrode.  The  detection  limit,  based  on 

two  times  the  root  -  mean  -  square  (rms)  deviation  of  the  background,  were  determined 

for  25  elements.    Inter -element  effects  of  sodium  on  seven  elements  was  also  studied. 

Work  performed  by  various  research  groups,  especially  Kessler  and  coworkers,50-52 

Murayama  and  coworkers,53-56  Goto  et  al.,57and  Kitaqawa  and  Takeuchi58,59 led  to  the 

commercialization  of  CMP-OES  equipment  by  (1)  Hitachi,  Tokyo,  Japan,  designated 

ultra  high  frequency  (UHF)  plasma,  (2)  Applied  Research  Laboratories,  Ecublens- 

Lausanne,  Switzerland,  and  (3)  Erbe-Elektromediziu,  Tuebingen,  Federal  Republic  of 

Germany.60 

Previous  CMPs  utilized  a  solid  electrode.  In  this  design,  aerosol  samples  were 
introduced  by  diffusion  into  the  outer  edges  of  the  plasma.  Hwang  et  al.61  improved  on 
this  design  by  making  a  tubular  electrode  where  the  sample  is  introduced  through  the 
center  of  the  plasma.  The  CMP  was  applied  to  the  analysis  of  several  materials.  The 
elements  C,  H,  N,  O,  and  Hg  were  determined  in  orchard  leaves  and  in  fish  using  a 
thermal  vaporization  device.62  The  analysis  of  trace  oxygen  and  hydrogen  extracted  from 
metal  was  carried  out  using  a  chamber  to  heat  the  samples  and  allow  the  helium  to  carry 
the  oxygen  and  hydrogen  to  the  plasma.63 

During  the  past  several  years,  applications  and  diagnostics  have  centered  around 
the  work  done  by  Winefordner  and  coworkers.  Uchida  et  al.64  measured  butlyltin 
compounds  by  interfacing  a  helium  CMP  with  a  gas  chromatography  system.  Ali  et 
al.65,66  developed  an  electrode  which  had  a  graphite  cup  for  sample  containment.    The 
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plasma  formed  on  top  of  the  cup  and  vaporized  the  sample.    This  was  applied  to  the 

analysis  of  solutions  by  discrete  sampling.65    Masamba  and  coworkers67,68  investigated 

the  temperature,  electron  number  density,  as  well  as  the  influence  of  power,  observation 

position,  solution  uptake  rate  and  carrier  gas  flow  on  the  CMP.  Ali  and  Winefordner69,70 

developed  an  electrode  made  from  tungsten  wire.    Having  a  smaller  mass,  the  filament 

gives  a  high  rate  of  sample  vaporization  while  being  inexpensive  and  easy  to  construct. 

Rotational  and  excitation  temperatures  were  determined  along  with  the  effect  of  power 

and  plasma  gas  flow  rate.69  The  dependence  of  Cu  and  He  emission  on  plasma  flow  rate 

and  power,  along  with  the  radial  and  axial  emission  distributions,  were  studied.70 

Hueber  et  al.71  developed  a  hydride  generation  system  for  the  introduction  of  arsenic  into 

a  CMP. 

Microwave  Radiation  Safety 

Exposure  to  microwaves  has  been  related  to  a  variety  of  health  problems  including 
denaturation  of  human  proteins,  eye  cataracts,  sterility,  headaches,  and  disruption  of 
neural  and  cardiovascular  systems.72-75  The  safe  operation  of  microwave 
instrumentation  is  of  vital  concern.  One  problem  exists  is  the  establishment  of  safe 
exposure  limits.76  In  the  United  States,  the  standard  safe  exposure  level  is  5  mW  cm"3 
at  2.450  GHz.77  The  standard  in  Russia78  is  0.01  mW  cm"3,  while  that  in  Australia7  is 
1  mW  cm"3.  The  measurement  of  stray  radiation  is  made  at  a  distance  of  5  cm  from  the 
source  of  emission.  Microwave  radiation  from  the  plasma  is  easily  contained  using  wire 
mesh  or  metal  shields.    In  ICP-OES  instruments,  the  shielding  of  radio  frequency  (Rf) 
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radiation  is  much  more  complicated.  Van  Dalen  et  al.78  reported  that  an  aluminum  box, 
around  an  MIP,  reduced  the  radiation  leakage  to  a  safe  level.  The  system  used  in  the 
research  for  this  dissertation  was  contained  inside  an  aluminum  box.  Copper  wire 
screen,  which  prevents  radiation  leakage,79  was  placed  around  openings  in  the  box. 
Measurement  of  microwave  leakage  was  performed  using  a  leak  detector  (Narda 
Microwave  Corp.,  Hauppauge,  New  York). 

Goals  of  This  Research 

The  control  of  trace  elements,  <  20  ng  mL"1,  in  high  purity  solvents  is  critical 
to  the  semiconductor  industry.80-82  As  the  integration  density  of  integrated  circuits  in 
microchips  increases,  the  manufacturing  yields  of  microchips  are  limited  by  impurities 
in  the  processing  chemicals.81  Currently,  the  quantitation  of  35  elements,  at  a  level  of 
20  ng  mL"1,  is  required  for  chemicals  such  as  amines,  alcohols,  and  hydrocarbons.  One 
element  required  is  silicon.  Antifoaments,  such  as  poly-dimethylsiloxanes,  are  a  source 
of  silicon  contamination  in  high  purity  solvents.  In  the  chemical  industry,  antifoaments 
are  added  to  the  crude  oil  during  the  refining  process. 

The  minimum  level  at  which  an  element  is  quantitated  is  called  the  limit  of 
quantitation  (LOQ).  The  LOQ  is  found  by  multiplying  the  limit  of  detection  (LOD)  by 
ten.  Multiplying  the  standard  deviation  of  a  blank  solution  by  three,  3a,  and  dividing 
by  the  slope  of  the  calibration  curve  gives  the  LOD.83  Quantitation  at  a  level  of  20  ng 
mL"1  requires  an  LOD  of  2  ng  mL"1. 
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The  techniques  used  to  determine  silicon  include  inductively  coupled  plasma - 

optical  emission  spectroscopy  (ICP-OES),  inductively  coupled  plasma -mass 
spectrometry  (ICP-MS),  and  graphite  furnace  atomic  absorption  spectrometry  (GFAAS). 
Each  of  the  above  techniques  have  disadvantages  that  limit  its  ability  in  the  analysis  of 
Si.  In  ICP-OES,  the  LOD  for  Si  is  16  ng  mL"1.84  This  technique  does  not  give  the 
required  LOD  of  2  ng  mL"1.  ICP-MS  is  often  considered  the  ultimate  method  for  trace 
element  analysis.  Typical  LOD  values  for  ICP-MS  are  in  the  parts  per  trillion  range,  pg 
mL"1.  The  determination  of  Si,  in  organic  solutions,  by  ICP-MS  is  difficult.  Problems 
are  encountered  due  to  spectral  interferences.  The  isotopes  and  natural  abundances  (in 
parenthesis)  of  Si  are  28  (92.2%),  29  (4.7  %),  and  30  (3.1  %).  Interferences  at  isotope 
28  include  l4NI4N+,  and  l2C160+.  The  interferences  at  isotope  29  include  I4N15N+, 
14N14NH+,  12C16OH  +  ,  and  l3Cl60+,  while  at  isotope  30,  14N160+  interferes.85 

The  reported  LOD  for  Si,  in  organic  solutions,  is  above  1  jug  mL"'  in  ICP- 
MS.86'87  In  aqueous  solutions,  the  LOD  for  Si  is  10  ng  mL"1  by  ICP-MS.88  Smith  et 
al.89  added  37  mL  min"1  of  xenon  to  the  argon  carrier  gas.  Adding  xenon  gas  decreased 
the  spectral  interference  of  14N2  +  ,  by  a  factor  of  300,  versus  the  background  when  no 
xenon  is  present.  This  technique  can  prove  expensive  because  xenon  is  a  rare  gas  and 
costs  $8  —  $  1 6  per  liter.  An  LOD  of  0.6  ng  mL"1,  using  isotope  28,  is  reported  for  Si  in 
aqueous  solution.89  The  high  LODs  exhibited  by  Si,  Ca,  and  Fe  in  ICP-MS  are  due  to 
the  additional  polyatomic  peaks,  formed  by  organic  compounds,  which  produce  spectral 
interferences.86 


13 
Another  technique  often  employed  for  Si  analysis  is  GFAAS.    An  LOD  of  1  ng 

mL"1  is  reported  for  GFAAS. Sl    This  gives  an  LOD  that  meets  the  requirements  of  Si 

analysis  in  high  purity  solvents.    A  disadvantage  of  GFAAS  is  that  only  one  element  is 

analyzed  per  sample  determination.   The  quantitation  of  30  elements  in  a  sample  would 

require  30  determinations.    It  would  be  beneficial  to  have  a  technique  that  could  detect 

Si  at   1  ng  mL"1,  which  could  be  developed  for  simultaneous  multielement  analysis 

(SMA).    The  technique  of  optical  emission  spectroscopy  is  frequently  used  for  SMA.90 


CHAPTER  2 
CAPACITIVELY  COUPLED  MICROWAVE  PLASMA  INSTRUMENTATION 


Introduction 

Microwave  energy  is  produced  in  CMP  using  a  generator;  the  energy  is  then 
directed  down  a  waveguide.  An  electrode  is  placed  at  the  opposite  end  of  the  waveguide. 
The  electrode  capacitively  couples  with  the  microwaves.  A  plasma  may  be  formed  at  the 
tip  of  the  electrode,  where  the  microwave  energy  is  emitted  from  the  electrode.  If  high 
enough  power  is  applied,  the  gas  surrounding  the  electrode  is  partially  ionized  and  auto- 
ignition  of  the  plasma  occurs.  If  lower  power  is  utilized,  "seeding"  of  electrons  is 
required  using  a  tesla  coil  or  by  touching  a  piece  of  wire,  held  in  an  insulator,  to  the 
electrode  tip. 

Instrumentation 

Microwave  Generators 

Initial  microwave  plasma  sources  were  medical  diathermy  units.5'91  These  units 
of  100  to  250  W  produced  microwaves  at  2450  MHz.  Development  of  microwave  ovens 
has  decreased  the  cost  while  increasing  the  availability  of  magnetron  power  sources.  The 
most  common  magnetrons  are  operated  at  2450  MHz. 
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Waveguides 

Waveguides,  or  resonant  cavities,  are  commonly  used  to  transmit  electromagnetic 
radiation  of  the  microwave  frequency.  The  first  idea  of  propagating  electromagnetic 
waves  down  a  hollow  pipe  (waveguide)  was  in  1893.  Thomson92  examined  the 
mathematics  of  what  might  occur  if  an  electric  charge  was  released  inside  a  closed  metal 
cylinder.  It  was  not  until  the  years  1913  to  1920  that  Zahn93  and  Schriever94  performed 
the  experimental  work. 

Generally,  the  waveguide  is  made  of  a  hollow  cavity  that  may  be  rectangular  or 
cylindrical  in  shape.  Coaxial  cables  may  also  be  used  for  microwave  transmission.  In 
comparison  to  coaxial  cables,  waveguides  have  a  higher  power  handling  capability,  a 
lower  loss  per  unit  length,  and  a  lower  cost  mechanical  structure.95  The  coaxial  cables 
have  a  tendency  to  become  hot  and  radiate  heat  at  power  levels  above  100  W,  causing 
a  loss  of  power. i:  The  reflections  caused  by  the  flanges  used  in  connecting  wavequide 
sections  is  usually  less  than  that  associated  with  coaxial  connectors.95  In  waveguides,  the 
electric  and  magnetic  fields  are  maintained  on  the  inside  of  the  walls.  No  power  is 
therefore  lost  by  radiation.95  Dielectric  loss  is  also  negligible,  since  the  guides  are 
normally  filled  with  air.96 

Waveguides  are  fabricated  from  highly  conductive  metals  with  dimensions  similar 
to  the  wavelength.  The  cavity  can  sustain  microwave  oscillations  which  form  a 
constructive  interference  pattern  from  superimposed  microwaves  multiply  reflected  from 
the  cavity  walls.  This  phenomenon  is  referred  to  as  a  "standing  wave."97  When  the 
microwave  propagates  through  a  waveguide,  some  power  is  lost  to  the  walls  as  heat. 
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This  power  loss  is  related  to  the  skin  depth  (5)  of  the  material.   Skin  depth  is  defined  as 

the  depth  at  which  the  current  decays  to  1/e  (0.37)  of  its  value  at  the  surface.97  Equation 

1  defines  the  skin  depth.95 


5  "  (1) 


It  f   V-r   V-o    ° 


Here  /j.r  =  relative  permeability  (dimensionless),  /x0  =  permeability  in  free  space  (4tt  x 
107  Henry  m"1),  a  =  conductivity  of  the  medium  (mhos  m"1),  and  /  =  frequency  (Hz). 
The  skin  depth  is  inversely  proportional  to  the  conductivity  of  the  waveguide  material 
and  frequency  of  the  electromagnetic  radiation.  Materials  which  have  small  skin  depths 
will  have  less  power  lost  to  heat.  At  microwave  frequencies,  the  skin  depth  of  a  metal 
is  in  the  micrometer  range.  Therefore,  the  current  flows  along  the  surface  of  the 
conductor  which  increases  its  resistive  effect.  This  is  referred  to  as  the  "skin  effect," 
because  the  current  is  concentrated  in  the  outer  surface  of  the  conductor.98  Values  for 
several  metals  at  2450  MHz  are  Ag,  1.3  jum;  Cu,  1.3/xm;  Au,  1.6jum;Al,  1.6 /xm  and 
brass,  2.7  jum.99  The  metals  Ag,  Cu,  and  Au  are  difficult  to  machine,  while  Ag  and  Cu 
also  corrode  easily  in  air.  Au  is  expensive.  Al  and  brass  are  the  materials  generally 
used  to  manufacture  waveguides. 

Electromagnetic  waves  may  be  propagated  in  three  different  ways,  which  are 
described  as  transverse  electric  magnetic  (TEM),  transverse  electric  (TE),  and  transverse 
magnetic  (TM).96  In  the  TEM  mode,  the  electric  and  magnetic  components  are 
perpendicular  to  the  direction  of  propagation.     The  TE  mode  has  transverse  electric 
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waves  which  are  perpendicular  to  the  direction  of  propagation.     TM  is  where  the 

transverse  magnetic  wave  exists.       In  order  for  the  electromagnetic  wave  to  travel 

through  the  waveguide,  two  conditions  must  be  met.95    Electrical  flux  lines  must  be 

perpendicular  to  the  waveguide  walls  and  magnetic  lines  must  run  parallel  to  the  surface 

of  the  walls.95    Because  of  these  two  points,  the  TEM  mode  is  not  propagated  in  the 

waveguide.  I0° 

Describing  the  mode  which  is  propagated,  two  subscripts  are  added  to  the  TM  and 

TE  designations,  to  give  TMmn  and  TEmn.96    The  m  and  n  are  integers  that  define  the 

quantity  of  half  wavelengths  that  are  in  the  A  and  B  dimensions  of  the  waveguide  where 

A  represents  the  width  and  B  the  length.    The  A  dimension  must  satisfy  the  inequality 


A   >   h  (2) 

9 


in  order  for  power  currents  to  flow.    The  value  where 

A   -^  (3) 

2 

prevents  the  flow  of  power  currents. 9i  This  frequency  is  designated  the  cutoff  frequency 
(/c).95  The  waveguide  then  has  the  properties  of  a  high  pass  filter  since  power 
transmission  is  possible  only  when  f>fc  or  \<\c.  The  cutoff  wavelength  is  then 
\C=2A.    Since  fc\=vc,  the  cutoff  frequency  for  the  waveguide  is 
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f<=2A=  —7=  (4) 

where  jxt  is  the  relative  permeability  (dimensionless)  and  er  is  the  relative  permittivity 
(dimensionless).  The  value  fxr  equals  the  magnetic  permeability  (or  inductivity)  of  the 
medium,  \x  [Henry  (H)  m" '],  divided  by  the  permeability  of  vacuum  or  free  space,  \i0  (H 
m"1).  Similarly,  er  equals  the  dielectric  permittivity  (or  capacitivity)  of  the  medium,  e 
[farad  (F)  rrf1]  divided  by  the  dielectric  permittivity  of  vacuum  or  free  space,  e0  (F  m"1). 
The  wavelength  in  the  guide  is  represented  by  X„.    It  is  defined  as96 


_X 

'8 


X-  =  -  (5) 


l-(/c//)2 

where  X  (  =  vplf)  is  the  wavelength  in  an  unbounded  dielectric,  and  /  is  the  operating 
frequency  (usually  2450  MHz).  The  phase  velocity  in  an  unbounded  dielectric  is 
represented  by  vp  and  is  equal  to  (fie)''*,  where  \x  and  e  are  the  permeability  (H  m"1)  and 
permittivity  (F  m"1),  respectively.96  The  phase  velocity  in  the  positive  z  direction  inside 
the  waveguide  is 

v„ 

/i-(/c//)2 

Because  the  cutoff  frequency  is  a  function  of  the  modes  and  waveguide  dimensions,  the 
actual  size  of  the  waveguide  governs  the  propagation  of  the  modes.  The  mode  with  the 
lowest  cutoff  frequency  in  a  given  guide  is  the  dominant  mode.  In  a  rectangular  guide 
with  dimensions  such  that  2A  =  B,  the  mode  TE01  is  the  dominant  mode.96  Other  modes 
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may  also  be  present,  but  only  the  dominant  mode  will  propagate,  and  the  higher  modes 

near  the  sources  or  discontinuities  will  decay  very  fast.96 

Earlier  it  was  noted  that  microwave  generators  are  used  to  generate  and  introduce 

microwaves  into  a  waveguide.    An  electrode,  or  coaxial  cable,  is  used  to  withdraw  the 

energy  from  the  waveguide.    Both  the  generator  probe  and  the  electrode  are  placed  at  a 

distance  of  mXg/4,  where  m  is  an  odd  integer,  from  opposite  ends  of  the  waveguide.26 

Here  the  microwaves  traveling  to  the  edges  return  in  phase  with  the  waves  going  in  the 

opposite  direction.    This  phase  shift  occurs  since  the  wave  shifts  90°  by  travelling  the 

Xg/4  distance,  then  a  180°  shift  by  reflection  at  the  wall,  and  another  90°  by  traveling 

back  the  X„/4  distance.26    A  maximum  coupling  efficiency   and  a  maximum  density  in 

the  electric  fields  occur  when  the  probe  and  the  electrode  are  placed  a  distance  of  mXg/4 

from  the  edges.101     Ali101  reported  the  optimum  depth,  inside  a  waveguide,  for  the 

electrode  was  3  cm.    This  also  corresponds  to  X  /4. 

Instrumentation  Used  in  This  Research 

Apparatus 

Diagrams  of  the  CMP  and  electrodes  are  given  in  Figures  2-1  and  2-2, 
respectively.  Table  2-1  lists  the  instrumentation  and  manufacturers.  The  materials  used 
to  fabricate  the  electrodes  are  listed  in  Table  2-2.  The  dimensions  of  the  waveguide  are 
given  by  Hwang  et  al.61  The  torch  is  made  from  two  concentric  quartz  tubes.  The  inner 
tube  holds  the  electrode  and  directs  the  sample  vapor  through  the  center  of  the  electrode. 
This  tube  has  an  inner  diameter  (i.d.)  of  4  mm  and  an  outer  diameter  (o.d.)  of  6  mm. 


a 

CL, 

a. 
< 

O 
i+- 

o 

g 

u. 

c3 


21 


>. 

CO 

Q. 
Q. 

■3 

o 
> 

00 

1_ 

<D 

5 

O 

± 

Q_ 

i_ 

< 

Q) 

<D 

O 

"D 
O 

c 

Q 

o 

O 

Q. 

— 

3 

E 

o 

c 

<u 

-a 

c 

O 

(U 

•4—* 
8 

> 

'5b 

13 

<D 

c3 

.£= 

CO 

c 

T3 

o 

*— 

*co 

03 

<U 

< 

E 

^^ 

5 

c 

o 

• 

N 

CQ 

to 

3 

C 

.o 

u 

4J 

p 

j^; 

t 

O 

OJ 

i — I 

D- 

d 

X 

c 

1) 

3 

c 

0) 

o 

c 

a. 

c5 

N 

r— \ 

'  V- 

'% 

O 

Kj 

■a 

> 

3 

"c3 
E 

<D 

1— 

-a 

<U 

o 

r- 

u 


8-E 


o 

"S 

CO 

CO 

r- 

3 

i— 

r— 

00 

53 

a 

CO 

5 

CO 

I 

1 

<u 

>- 

3 

00 

CI- 


23 


0 

a. 

S 

O 

t3 

9 

o> 

°o 

LU 

£ 

£ 

^» 

flD 

£ 

^_ 

Q. 

III 

OS 

M* 


o 
in 


M 


J- 

I    w^m 

T 


Table  2-1:    CMP  Instrumentation  and  Manufacturers 
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Instrument 


Manufacturer 


Photodiode  array:    OSMA 
model  IRY-1024G 


Princeton  Instruments, 
Princeton,  NJ,  USA 


OSMA  Detector  Controller 

Photodiode  Array  Software, 
Spectrometric  Multichannel 
Analysis,  ST-120,  Ver.  2.00 

Spectrometer:    Jobin-Yvon 
HR  1000,  1  M,  2400  grooves 
mm"1,  linear  dispersion 
0.5  nm  mm"1 

Computer:    80286,  8  MHz 


Princeton  Instruments 


Princeton  Instruments 


Instruments  SA,  Inc., 
Metuchen,  NJ 


PC's  Limited 
Austin,  TX, 


High  voltage  d.c. 
power  supply:    model 
805-1 A  (maximum  power 
output  of  1.6  kW) 

Magnetron:    Model 
NL  10251-2  (frequency 
2.45  GHz,  maximum 
power  output  1.6  kW) 

Nebulizer 


Aluminum  Waveguide 


Quartz  torch 


Hipotronics, 
Brewster,  NY 


National  Laboratories 
Orlando,  FL 


J.  E.  Meinhard  Assoc. 
Santa  Ana,  CA,  USA 

Laboratory  made 

Laboratory  made 
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Table  2-2:    Electrode  and  Electrode  Cup  Materials 
Material  Manufacturer 


Graphite:    National  Carbide 
Corp.,  Grade  L3810  AGKSP, 
Si  contamination  =  1.9  ppm. 

Titanium:    99.7% 
Johnson  Matthey 
Ward,  Hill,  MA. 

Tungsten,  99.97% 

Si  contamination  —  20  jug/mg 


Laboratory  made 


Laboratory  made 


Thermo-Electron/Tecomet 
Wilmington,  MA 
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The  outer  tube  directs  the  plasma  gas,  in  a  tangential  flow,  around  the  electrode.    The 

dimensions  of  the  outer  torch  are  15.5  mm  i.d.  and  17.5  mm  o.d.  Surrounding  the  torch 

and  covering  the  top  of  the  waveguide  are  cooling  coils.    Water  is  recirculated  through 

the  coils  to  cool  the  torch.    A  coaxial  waveguide  is  place  above  the  cooling  coils.    The 

coaxial  waveguide  propagates  the  microwaves  out  of  the  waveguide,  toward  the  top  of 

the  electrode.  This  configuration  increases  the  stability  of  the  plasma.  A  quartz  chimney 

(=  4  cm  diameter)  surrounds  the  coaxial  waveguide.   This  chimney  is  used  to  keep  air 

currents  from  disturbing  the  plasma.     Masamba26  found  that  the  current  from  the 

magnetron  to  the  plasma  fluctuated  randomly.  This  fluctuation  in  current  contributed  to 

random  fluctuations  in  the  emission  from  the  CMP.    Masamba26  did  not  determine  the 

cause  of  the  fluctuations.     A  current  regulator  and  stabilizing  circuit  were  built  (D. 

Hueber,  unpublished  results).    This  system  improved  the  stability  of  the  CMP. 

Detector 

The  detector  used  in  this  work  is  a  photodiode  array  (PDA).  The  PDA  is  made 
of  silicon  photodiodes  in  an  integrated -circuit  form.83  A  total  of  1024  diodes  (or  pixels) 
are  arranged  in  a  linear  manner.  The  PDA  covers  =  20  nm.  Each  diode  corresponds 
to  0.0198  nm  (wavelength  range  around  300  nm).  The  PDA  sequentially  reads  the  signal 
from  each  diode  after  a  specified  integration  time.  The  integration  time  is  the  interval 
the  diode  is  allowed  to  collect  the  incident  electromagnetic  radiation.  This  time  ranges 
from  0.033  s  to  greater  than  2  s.  Longer  integration  times  usually  lead  to  overexposure 
of  the  PDA.     Signals  from  the  PDA  may  be  accumulated.     Each  time  the  PDA  is 
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integrated,  the  signal  from  each  diode  is  added  to  the  signal,  from  the  same  diode,  from 

the  previous  scan(s).  This  allows  for  larger  signals  to  be  collected  without  overexposing 

the  PDA.  A  disadvantage  of  the  PDA  includes  the  necessity  to  cool  the  detector  in  order 

to  decrease  the  dark  current.     Also,  the  diodes  must  be  analyzed  sequentially.    The 

system  does  not  allow  for  random  access  of  any  diode(s).   The  PDA  software  was  used 

to  collect  and  analyze  data.   Additional  software  programs  were  written  to  improve  data 

handling  capabilities.     One  program,  COMPARE  (D.  Hueber,  unpublished  results), 

allows  for  the  average  and  standard  deviation  of  a  specified  diode  to  be  obtained  from 

a  given  number  of  spectra.    A  program  was  also  developed  to  display  three  dimensional 

data  (SIDE,  ver.  1.1,  D.  Hueber,  unpublished  results). 

Sample  Introduction 

There  are  several  ways  to  introduce  samples  into  a  plasma.  The  most  common 
sample  introduction  technique  is  pneumatic  nebulization.102  In  pneumatic  nebulization, 
a  capillary  tube  carries  the  nebulized  sample  to  the  spray  chamber.  Surrounding  this 
tube,  gas  flows  in  a  concentric  manner.  This  causes  reduced  pressure  at  the  tip  of  the 
capillary.  A  fine  aerosol  is  produced  by  the  Bernoulli  affect.83  The  aerosol  passes 
through  a  spray  chamber,  which  allows  removal  of  the  larger  droplets.  The  smaller 
droplets,  typically  less  than  10  jum  in  diameter,  proceed  to  the  plasma.103  Nebulizers  are 
primarily  used  because  of  their  ease  of  operation.  The  disadvantages  include  high  sample 
solution  consumption,  low  sample  transport  efficiency,  and  clogging  due  to  particulates 
and/or  high  dissolved  solids.    In  ICPs,  the  nebulizer/spray  chamber  has  been  identified 
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as  the  weakest  link.104    Recently,  nebulizers  have  been  developed  specifically  for  use 

with  helium  gas. 

Previous  researchers  have  noted  that  nebulizers  do  not  operate  very  well  with 
helium.23'25  Nebulizers,  primarily  used  with  ICPs,  are  operated  with  argon  gas.  In  these 
nebulizers,  helium  produces  larger  droplets  and  a  nonuniform  mist.  Helium  is  a  smaller 
atom  than  argon  (1.22  A  radius  for  He  vs  1.91  A  radius  for  Ar).30  Helium  nebulizers 
have  a  smaller  outlet  orifice  and  operate  at  higher  pressure  (45-60  psi  He  vs  30-35  psi 
Ar).  The  efficiencies  of  an  argon  nebulizer  operated  with  helium  and  a  helium  nebulizer 
were  calculated  by  aspirating  a  fixed  amount  of  solvent  and  weighing  the  amount 
received  in  the  drain.  The  difference  in  weights,  or  efficiency,  was  attributed  to  the 
amount  of  vapor  reaching  the  plasma.  The  nebulizers  were  optimized  for  pressure,  and 
gas  and  solution  flow  rates  using  the  signal  and  signal -to -noise  ratio  of  silicon.  The 
efficiency  of  the  argon  nebulizer,  with  helium  gas,  was  5%.  The  helium  nebulizer  had 
an  efficiency  of  11%.  Using  the  helium  nebulizer,  the  LOD  for  Si  decreased  by  a  factor 
of  two.  The  helium  nebulizer  had  a  higher  efficiency,  but  lower  solution  flow  rate  (  0.6 
mL  min"1  vs  2.2  mL  min"1  for  Ar).  However,  visually  it  was  observed  that  the  helium 
nebulizer  produced  a  finer  mist  versus  the  argon  nebulizer.  Currently,  there  is  no 
research  in  the  literature  on  nebulizers  operated  with  helium  gas. 

Another  technique  for  introduction  of  samples  is  by  thermal  vaporization.  In  this 
research,  an  electrode  cup  is  used  to  hold  a  fixed  amount  of  sample.  The  plasma  is 
produced  on  top  of  the  electrode  cup.  The  sample  is  then  vaporized  by  the  plasma.  A 
transient  signal   is   obtained.      Superior  LODs  are   often  obtained,   versus   solution 
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nebulization,  since  the  entire  sample  reaches  the  plasma.     The  sample  is  vaporized 

rapidly,  leading  to  a  larger  signal  than  by  nebulization  of  the  same  amount  of  solution. 

Another  advantage  of  this  technique  is  that  the  sample  may  be  heated  or  ashed  to  remove 

volatile  components,  organic  material,  or  water  from  the  analyte.     In  the  CMP,  the 

plasma  is  operated  at  low  power  to  remove  the  sample  matrix;  a  higher  power  level  is 

used  to  vaporize  the  analyte.    The  electrode  and  electrode  cup  were  fabricated  from 

graphite,  titanium,  and  tungsten. 

Plasma  Configuration 

Figure  2-3  is  a  stability  diagram  showing  where  three  different  plasma  shapes 
are  formed.  The  operating  stability  diagram  was  obtained  following  a  procedure  similar 
to  that  of  Rezaaiyaan  et  al.105  and  Forbes  et  al.13  The  data  for  the  diagram  were 
obtained  by  igniting  the  discharge  and  allowing  a  stable  plasma  to  form.  The  flow  rates 
were  4  L  min"1  helium  and  150  cm3  min"'  hydrogen  with  a  power  level  of  450  W.  The 
helium  plasma  gas  was  increased  or  decreased  and  visual  observations  performed.  The 
experiments  were  repeated  by  keeping  the  helium  gas  flow  rate  constant  and  varying  the 
power  level.  To  determine  the  points  where  a  plasma  was  started,  an  insulated  wire  was 
touched  to  the  electrode  at  each  power  and  flow  rate.  The  power  or  gas  flow  was  varied 
until  an  appropriate  setting  was  reached  where  the  plasma  formed.  Power  levels  of  0- 
1400  W  with  helium  gas  flows  of  0-17  L  min"'  were  investigated.  In  general,  the 
emission  intensity  increases  with  increasing  microwave  power  and  the  plasma  length 
increases  with  an  increase  in  gas  flow  rate.    Stable  conditions  are  observed  with  helium 
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gas  flow  above  2  L  min"1  and  below  17  L  min"1  and  power  levels  above  150-300  W  and 
below  1400  W.  Regions  specified  in  the  diagram  are  semi -quantitative  and  do  not 
define  exact  values.  The  addition  of  a  molecular  gas  (H2,  N2,  or  02)  or  a  change  in  the 
diameter  of  the  quartz  torch  alters  the  size  and  shape  of  each  region.  Colors  exhibited 
by  the  plasma  range  from  pinkish -blue  to  very  bright  pink. 

The  stability  diagram  has  four  regions:  no  plasma,  filament  plasma,  spherical 
plasma,  and  cylindrical  plasma.  A  photograph  of  the  spherical  plasma  is  given  in  Figure 
2-4.  The  cylindrical  plasma  is  shown  in  Figure  2-5.  The  filament  plasma  is  bright 
pink  in  color.  It  is  a  thin  plasma  that  is  approximately  2-3  mm  in  diameter  and  10  mm 
in  length.  This  plasma  is  very  unstable,  as  it  frequently  moves  around  the  surface  of  the 
electrode.  Focussing  of  this  plasma  onto  the  entrance  slit  of  the  spectrometer  was  very 
difficult.  This  plasma  also  eroded  the  electrode  much  faster  than  the  spherical  or 
cylindrical  plasmas.  Flow  rates  below  4  L  min"1  typically  cause  the  filament  plasma  to 
attack  and  melt  the  quartz  torch. 

The  spherical  plasma  generated  with  the  CMP  has  previously  been  used  to  analyze 
steel  samples,106  aqueous  solutions,63  and  arsenic71  by  hydride  generation.  The  size  of 
this  plasma  is  1-1.5  cm  in  diameter  with  a  length  of  2-3  cm  depending  on  the  power 
level  and  flow  rates  of  helium  and  hydrogen  gas.  This  plasma  is  very  stable  and  exhibits 
a  pinkish  -blue  tint.  The  spherical  plasma  changes  to  the  cylindrical  plasma  at  flow  rates 
between  6  and  7  L  min"1. 

At  flow  rates  above  6-7  L  min"1,  the  plasma  is  cylindrical.  Figure  2-5  shows 
the  electrode  12  mm  below  the  top  of  the  torch.    Visually,  flickering  of  the  plasma 


Figure  2-4:    The  Spherical  Plasma  in  the  He-CMP. 
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Figure  2-5:    The  Cylindrical  Plasma  in  the  He-CMP. 
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decreased  as  the  depth  of  the  electrode,  inside  the  torch,  increased.    Lowering  of  the 

electrode  increased  the  signal  and  signal -to -noise  ratio  for  the  analysis  of  silicon, 

which  will  be  discussed  in  chapter  3.   This  plasma  has  a  diameter  very  similar  to  that  of 

the  electrode  (0.6-0.8  cm).    The  length  of  the  plasma  ranges  from  2  cm  at  6  L  min"1 

to  4.5  cm  at  17  L  min"1,  with  a  characteristic  very  bright  pink  color.    Increasing  the 

power  above  1000  W  causes  the  emission  intensity  to  increase  and  the  plasma  changes 

from  pink  to  almost  white  in  color.    Like  the  spherical  plasma,  the  cylindrical  plasma  is 

very  stable.  The  main  differences  include  the  color,  size,  and  background  due  to  plasma 

emission.   The  cylindrical  plasma  has  a  background  level  three  times  higher  than  that  of 

the  spherical  plasma;  however,  the  signal -to -noise  for  Si  in  the  cylindrical  is  higher. 

The  cylindrical  plasma  will  be  studied  in  this  work.    The  analysis  of  silicon,  in  organic 

solutions,  will  be  performed  by  solution  nebulization  (chapter  3)  and  thermal  vaporization 

(chapter  4).      The  diagnostics,    temperatures  and  electron   number  density,   of  the 

cylindrical  plasma  will  be  presented  in  chapter  5. 


CHAPTER  3 

DETERMINATION  OF  SILICON  IN  ORGANIC  SOLUTION  USING 

PNEUMATIC  NEBULIZATION 


Introduction 

Although  most  of  the  work  performed  with  plasmas  deal  with  aqueous  solutions, 
organic  solutions  may  also  be  analyzed.  Previous  research  with  CMPs  utilized  the 
introduction  of  aqueous  solutions  by  pneumatic  nebulization.61,68  The  introduction  of 
organic  solutions  into  the  CMP,  with  pneumatic  nebulization,  has  not  previously  been 
reported.  Introducing  solutions  into  an  MIP  has  proven  difficult  because  small  amounts 
of  sample  material  (3-5  jug)  degrade  the  stability  and  extinguishes  the  plasma.3,15  Since 
the  MIP  is  operated  at  low  powers  ( <  200  W),  the  plasma  does  not  have  enough  energy 
to  vaporize  or  evaporate  solid  or  liquid  samples,  or  to  atomize  the  analyte  species.3,79 

Methods  for  the  introduction  of  solutions  into  the  MIP  include  heating  the  sample 
vapor  and  passing  it  through  a  cooled  condenser  to  remove  the  liquid.107  Thermal 
vaporization  (TV)  techniques  are  also  used  for  sample  introduction  in  MIPs.23,108  In  this 
technique,  the  sample  is  placed  on  a  graphite  cup,103  or  metal  wire,23  which  is  heated  to 
remove  the  solvent,  followed  by  vaporization  of  the  analyte  into  the  plasma.  Different 
MIP  torches  and  cavities  are  currently  being  utilized  to  increase  the  operating  power 
(40-500  W)  and  facilitate  the  introduction  of  aerosols.109,110 
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Researchers  have  used  ICPs  to  analyze  organic  samples.    Brown"1  diluted  used 

lubricating  oils  with  xylene  to  determine  21  elements.  The  analysis  of  metals  in  used  oils 

is  called  "wear  metal  analysis."    Blades  and  Hauser112  analyzed  nonmetals  in  xylene 

using  an  Ar-ICP  with  a  photodiode  array  detector.  Nygaard  and  Sotera113  examined  the 

concentration  of  Cd,  Mn,  and  Fe  in  organic  solvents  such  as  acetone,  and  tetrahydrofuran 

using  an  Ar-ICP. 

The  research  reported  here  will  concern  the  analysis  of  Si,  in  organic  solution, 

with  a  He -CMP.    Development  and  optimization  of  the  cylindrical  He -CMP  for  Si 

analysis  are  described.    Items  presented  will  include  the  spatial  profiles  of  Si,  and  the 

effect  of  power,  plasma  gas  flow  rate,  and  molecular  gas  addition. 

Experimental 

The  instrumentation  is  discussed  in  chapter  2.  The  organic  silicon  standard  (5000 
jug  mL"')  was  purchased  from  Conostan  Division  of  Conoco,  Inc.  (Ponca  City,  OK). 
Kerosene  from  Fisher  Scientific  was  used  to  dilute  the  organic  Si  standard  to  the  desired 
concentration.  Slit  height  and  width  were  2  mm  and  20  /xm,  respectively.  A  UG5  filter 
was  employed  to  decrease  the  background  emission  continuum.  A  pneumatic  nebulizer, 
designed  for  helium  gas,  was  obtained  from  J.  E.  Meinhard  Assoc.  Inc.  (Santa  Ana, 
CA).  Solutions  were  introduced  at  a  flow  rate  of  1.2  mL  min"1  using  a  peristaltic  pump 
(model:  Rabbit,  Rainin  Instrument  Co.  Inc.,  Boston,  MA).  A  power  level  of  800  W 
was  used  in  the  experiments.  Parameters  for  the  photodiode  array  detector  (PDA) 
included  an  integration  time  of  0.33  s  with  10  accumulations.   Optimum  settings  for  the 
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integration  time  and  number  of  accumulations  were  based  on  S/N  measurements.    The 

use  of  the  PDA  is  described  in  greater  detail  in  chapter  2.    The  above  conditions  were 

used  unless  stated  otherwise. 

Data  Points 

Graphs  are  generated  using  data  from  the  Si  signal,  background,  and  noise 
measurements.  The  analytical  signal  is  obtained  by  measuring  the  total  signal  from  the 
analytical  sample  and  subtracting  the  signal  from  a  blank  solution.  The  blank  solution 
is  identical  to  the  analytical  sample  except  the  analyte,  which  in  this  research  is  silicon, 
is  absent.  A  signal  due  to  the  blank  sample  is  called  the  background  signal.  Data  points 
for  the  signals  are  the  average  of  five  measurements.  Error  bars  in  the  graphs  represent 
one  standard  deviation  (la),  based  on  five  measurements.  Blank  noise  levels  (N)  were 
determined  by  measuring  the  standard  deviation  of  1 1  measurements  of  the  blank 
solution. 

Data  Curves 

Curves  presented  in  the  graphs  were  generated  using  a  curve  fitting  program 
(Origin,  ver.  2.8,  MicroCal  Software,  Inc.,  Northampton,  MA).  All  curves  were 
determined  using  a  polynomial  fit  with  the  following  exceptions.  Data  for  plasma  gas 
flow  rate  (Figures  3-2  and  3-3)  were  divided  into  two  groups  according  to  the  type  of 
plasma  (spherical  or  cylindrical).  Data  for  signal,  background,  and  S/N  for  flow  rates 
of  3.5-6  L  min"1,  representing  the  spherical  plasma,  were  subjected  to  least  squares  fit. 
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Signal  and  background  data  for  the  cylindrical  plasma,  7-  1 1  L  min"1,  was  also  subjected 

to  least  squares  fit.    The  S/N  data,  representing  the  cylindrical  plasma,  was  plotted  as 

the  average  of  the  five  data  points.    Lines  connected  the  data  points  at  6  and  7  L  min"1 

to  emphasize  the  transition  which  occurs  with  increasing  plasma  gas  flow  rate.    The 

graph  of  S/N  versus  power,  Figure  3-10,  used  a  Gaussian  fitting  function.     Lines 

connecting  the  data  points  were  employed  on  the  graph  of  S/N  versus  molecular  gas 

addition,  Figure  3-13. 

Wavelengths 

Silicon  emission  is  observed  at  either  251.61  nm  or  288.16  nm.  Initially,  the 
spherical  and  cylindrical  plasmas  were  compared  using  an  aqueous  Si  standard.  Aqueous 
samples  interfere  with  the  Si  288.16  nm  line  because  of  the  OH  molecular  band  that  has 
a  bandhead  at  281. 1  nm.  The  Si  line  at  251.61  nm  was  observed  in  the  experiment  with 
the  tandem  electrode.  In  all  other  experiments,  the  288.16  nm  line  was  measured. 
When  a  graphite  electrode  was  used,  or  organic  samples  introduced,  a  strong  carbon 
emission  was  observed  at  247.9  nm.  This  carbon  line  would  interfere  with  the  Si  251.61 
nm  line,  especially  at  power  levels  above  700  W. 

Gases 

Gases  employed  in  this  research  were  commercial  grade.  The  helium  and 
hydrogen  gas  pressure  were  45  psi.  Helium  gas  flow  rates  for  the  plasma  and  nebulizer 
were  10  L  min"'  and  450  cm3  min'1,  respectively,  unless  stated  otherwise.   A  swagelock 
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tee  was  installed  in  the  plasma  gas  line,  between  the  plasma  gas  flow  meter  and  the 

quartz  torch.    This  allowed  the  introduction  of  molecular  gases  (H2,  N2,  or  02)  to  the 

helium  plasma  gas.     Hydrogen  gas  was  added  to  the  helium  plasma  gas  to  prevent 

melting  of  the  quartz  torch.     The  hydrogen  gas  flow  rate  was  150  cm3  min'1  in  all 

experiments  except  the  molecular  gas  addition  studies. 

Cylindrical  and  Spherical  Plasmas 

In  comparing  the  spherical  and  cylindrical  plasmas,  the  helium  gas  flow  rate  was 
increased  from  4  L  min"1  to  10  L  min"1.  An  observation  height  of  5  mm  was  employed. 
This  height  was  the  optimum  for  the  spherical  plasma,  based  on  silicon  signal  and  signal 
-to -noise  ratio  (S/N)  measurements.  The  depth  of  the  electrode  inside  the  quartz  torch 
was  2  mm. 

Tandem  Electrode 

In  the  experiment  involving  a  tandem  electrode,  a  graphite  rod  was  employed  as 
the  tandem  electrode.  The  graphite  rod  was  mounted  on  an  x-y  translator  to  allow 
positioning  of  the  rod  above  the  CMP  electrode.  An  insulated  copper  wire  was  attached 
to  the  graphite  rod  and  connected  to  an  electrical  ground.  The  distance  between  the 
tandem  electrode  and  the  bottom  electrode  was  varied  from  5  mm  to  30  mm.  Si 
emission  signals  were  observed  at  a  vertical  distance,  with  respect  to  the  bottom 
electrode,  ranging  from  4  mm  to  28  mm. 
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Electrode  Depth 

The  depth  of  the  electrode  inside  the  quartz  torch  was  investigated  for  values 
between  0  mm  and  16  mm.  Positioning  of  the  electrode  in  relation  to  the  waveguide  was 
kept  constant.  AH101  found  an  optimum  length  of  the  electrode  inside  the  waveguide 
should  be  approximately  3  cm.  Placing  the  electrode  3  cm  into  the  waveguide  reduced 
the  plasma  acoustic  noise  and  resulted  in  increased  plasma  excitation.65  This  distance 
corresponds  to  14  the  wavelength  of  the  microwave  radiation  in  free  space.65  The  bottom 
of  the  tungsten  electrode  was  manufactured  to  fit  inside  the  inner  tube  of  the  quartz 
torch.  This  is  shown  in  Figure  2—1.  A  piece  of  teflon  tape  was  wrapped  around  the 
bottom  of  the  electrode  to  prevent  the  electrode  from  descending  completely  into  the 
inner  tube  of  the  torch.  Various  depths  could  be  studied  by  changing  the  position  of  the 
teflon  tape.   The  teflon  tape  required  replacement  after  15-30  minutes,  due  to  melting. 

Spatial  Profiles 

Determining  the  spatial  profiles  was  aided  by  having  the  waveguide,  magnetron 
and  torch  mounted  on  an  apparatus  positioner  that  allowed  maneuvering  of  the 
components  in  the  x,  y,  and  z  directions.  Metric  rulers  on  the  positioner  provided 
measurement  scales.  Measurements  for  the  vertical  profile  were  performed  after  aligning 
the  top  of  the  electrode  with  the  center  of  the  spectrometer's  entrance  slit.  The  vertical 
height  is  the  distance  the  electrode  was  lowered  below  the  entrance  slit.  Horizontal 
profiles  were  taken  using  two  different  methods.  Initially,  the  plasma  image  was  placed 
to  one  side  of  the  entrance  slit,  followed  by  moving  the  plasma  horizontally  across  the 
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slit.      Another  method   involved  centering   the  plasma  on   the  entrance   slit  of  the 

spectrometer  and  moving  the  plasma  sideways  in  either  direction.    Similar  results  were 

obtained  using  both  methods,  therefore,  only  the  result  involving  the  centering  of  the 

plasma  is  reported.    In  the  horizontal  profile,  a  vertical  height  of  12  mm  was  used. 

Electrodes 

Electrodes  were  fabricated  from  graphite,  titanium,  and  tungsten.  Table  2-2 
gives  the  materials  and  manufacturers  for  the  electrodes.  A  graphite  electrode  was  used 
in  comparing  the  spherical  and  cylindrical  plasmas,  examining  spatial  profiles,  and  in  the 
effect  of  a  tandem  electrode.  A  tungsten  electrode  was  used  in  examining  the  influence 
of  electrode  depth,  effects  of  power  and  molecular  gas,  and  the  limit  of  detection.  One 
experiment  compared  electrodes  fabricated  from  graphite,  tungsten,  and  titanium.  The 
electrodes  were  compared  by  observing  the  emission  from  a  blank  solution,  while 
operating  the  plasma  at  500  W.  In  comparing  the  electrode  materials,  the  blank  noise 
level  (N)  was  determined  from  the  standard  deviation  of  10  diodes  occurring  between  253 
nm  and  254  nm.  A  silicon  impurity  in  the  titanium  prevented  the  measurement  of  the 
background  at  251.61  nm. 

Limit  of  Detection 

The  limit  of  detection  for  Si  was  based  on  3a.  The  standard  deviation,  (a),  was 
calculated  using  a  blank  sample  and  measuring  the  signal  eleven  times  at  the  same 
wavelength  as  Si.    Standards  of  5,  10,  20,  50,  100,  and  200  jug  mL"1  were  measured, 
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along  with  a  blank,   for  the  calibration  curve.     The  correlation  coefficient  of  the 

calibration  curve  was  0.997. 

Results  and  Discussion 
Cylindrical  and  Spherical  Plasmas 

Initially,  the  spherical  shaped  plasma,  described  in  chapter  2,  was  used  to 
determine  Si.  This  plasma  gave  an  LOD  of  17  jxg  mL"1  for  Si  in  aqueous  solution. 
Since  this  was  an  unacceptable  LOD,  the  cylindrical  plasma  was  investigated.  Figure 
3-  1  shows  the  signal  obtained  for  Si  using  the  spherical  and  cylindrical  plasmas.  The 
strongest  Si  emission  line  in  the  region  from  240-260  nm  is  at  251.6  nm.  Silicon  peaks 
at  250.69,  251.43,  251.92,  252.41,  and  252.85  nm  are  also  observed  in  the  spectra.  In 
the  spectrum  obtained  with  the  cylindrical  plasma,  a  strong  carbon  emission  line  is 
observed.  The  sample  was  an  aqueous  solution.  The  carbon  is  from  the  graphite 
electrode.  Graphite  electrodes  require  replacement  after  1  -2  hours  of  operation,  due  to 
erosion  caused  by  the  cylindrical  plasma.  If  the  spherical  plasma  is  formed,  the  graphite 
electrode  required  replacement  after  6-8  hours. 

Results  obtained  with  the  cylindrical  plasma,  versus  the  spherical  plasma,  are 
superior  for  the  analysis  of  Si.  Based  on  Figure  3-1,  the  signal  increased  by  350% 
using  the  cylindrical  plasma.  Background  noise  increased  by  200%,  based  on  the 
standard  deviation  of  1 1  measurements  of  a  blank  solution.  The  background  emission 
level  increased  by  300%,  with  the  signal -to -noise  ratio  (S/N)  increasing  140%.  The 
results  obtained  for  the  spherical  plasma  had  previously  been  optimized  for  silicon.  The 
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48 
cylindrical  plasma  was  formed  by  increasing  the  plasma  gas  flow  rate  from  4  L  min"1  to 

10  L  min"1.     Hydrogen  gas,   150  cm3  min"1,  was  added  to  the  helium  plasma  gas  to 

prevent  the  spherical  and  cylindrical  plasmas  from  melting  the  torch.   At  the  time  of  this 

experiment,  conditions  were  not  optimized  for  the  cylindrical  plasma. 

The  Si  signal,  as  a  function  of  plasma  gas  flow  rate,  is  shown  in  Figures  3-2  and 
3-3.  Plasma  gas  flow  rates  between  3.5  and  6  L  min"1  produced  the  spherical  plasma, 
while  plasma  gas  flow  rates  above  6  L  min"1  produced  the  cylindrical  plasma.  An 
increase  in  the  signal  and  background  occurred  at  7  L  min"1.  At  this  plasma  gas  flow 
rate,  the  plasma  changed  from  spherical  to  cylindrical  in  shape.  The  change  from  a 
spherical  plasma  to  cylindrical  plasma  repeatedly  occurred  in  the  region  of  6-8  L  min"1. 
Several  additional  observations  were  noted.  Background  levels  between  200  and  700  nm 
were  higher  in  the  cylindrical  plasma  than  in  the  spherical  plasma.  Standard  deviations, 
measured  with  a  blank,  were  10  counts  and  4  counts  in  the  cylindrical  plasma  and 
spherical  plasma,  respectively.  The  silicon  signal  increased  with  an  increase  in  the 
plasma  gas  flow  rate. 

Previous  researchers  have  reported  an  increase  in  the  silicon  response,  in  a  gas 
chromatograph  -  microwave  induced  plasma  (GC-MIP)  system,  with  increasing  plasma 
gas  flow  rate.114'"5  This  behavior  is  not  unique  to  Si.  Estes  et  al.114  reported  that  19 
elements  exhibited  this  response  in  a  GC-MIP  with  a  plasma  gas  flow  rate  between  40 
and  800  mL  min"1.  The  increase  in  Si  signal,  in  the  MIP,  was  also  accompanied  by  a 
decrease  in  the  background  emission  from  the  quartz  torch  and  the  carbon  emission  from 
non- silicon -containing  compounds."4  Figure  3-2,  however,  does  not  show  a  decrease 
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in  the  background  signal  with  increasing  plasma  gas  flow  rate.  Increasing  the  plasma  gas 

flow  rate  decreased  the  residence  time  of  the  Si  atoms  in  the  plasma.    A  decrease  in 

residence  time  limited  the  time  Si  atoms  have  to  react  with  02,  which  is  present  in  the 

plasma.    Oxygen  may  be  present  as  a  contaminant  in  the  helium  or  hydrogen  gases,  or 

from  entrained  air  that  surrounds  the  plasma  and  CMP.    Figure  3-3  gives  the  S/N 

versus  plasma  gas  flow  rate.   The  results  with  the  spherical  plasma  show  an  increase  in 

the  S/N  with  increasing  plasma  gas  flow  rate.    The  cylindrical  plasma  gives  a  constant 

S/N  with  plasma  gas  flow  rates  between  7  and  1 1  L  min"1.    Future  sections  will  discuss 

the  optimization  of  power,  height,  and  flow  rates. 

A  problem  with  the  cylindrical  plasma  was  flickering  or  instability.    The  top  of 

the  plasma,  5  mm  above  the  electrode,  constantly  moved  sideways  over  a  1.5  cm  range. 

Two  experiments  were  performed  to  decrease  the  flickering.     A  "tandem"  electrode 

arrangement  is  initially  examined,  followed  by  changes  in  the  quartz  torch  configuration. 

The  results  reported  in  the  rest  of  this  work  will  deal  with  the  cylindrical  plasma,  the 

spherical  plasma  will  only  be  mentioned  for  comparison  purposes. 

Tandem  Electrode 

Previously,  electrodes  have  been  placed  above  plasmas  to  increase  the 
stability."6,117  In  direct  current  plasmas  (DCPs),  initial  instrument  designs  consisted  of 
producing  a  plasma  by  passing  a  dc  current  between  two  electrodes,  placed  at  a  30° 
angle.60  The  plasma  appeared  as  an  inverted  "v."60  Dekker117  improved  the  stability, 
LODs,  precision,  and  linear  dynamic  range  (LDR)  of  the  DCP  by  introducing  a  third 
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electrode.117  The  third  electrode  was  placed  above  the  two  electrodes,  producing  an 
inverted  "Y"  shaped  plasma.60  Chan  et  al.116  positioned  a  water-cooled,  grounded 
electrode  above  a  helium -ICP  (He-ICP).  This  tandem  electrode  localized  the  helium 
discharge  and  indicated  a  better  energy  transfer  through  capacitive  coupling.116  Similar 
LODs  for  Br,  CI,  I,  and  S  were  reported  for  the  He-ICP  with  and  without  the  tandem 
electrode.  Power  levels  were  1500  W  and  500  W  for  the  He-ICP  and  tandem  He-ICP, 
respectively.  No  explanation  was  given  why  the  LODs  did  not  decrease  or  why  higher 
power  was  not  used  in  the  tandem  system.  In  the  research  for  this  work,  a  graphite 
electrode  was  positioned  above  the  cylindrical  He -CMP  to  investigate  the  effects  on  the 

silicon  signal  and  S/N. 

Figure  3-4  gives  the  spectra  obtained  with  and  without  the  tandem  electrode. 
In  comparing  the  results,  the  tandem  electrode  increased  the  Si  signal  by  200%.  The 
problem  is  the  noise  increased  by  over  200%.  No  increase  in  the  S/N  or  LOD  is 
observed.  The  distance  between  the  bottom  electrode  and  the  top,  tandem  electrode,  is 
varied  from  5  mm  to  30  mm.  The  observation  height,  position  where  emission  is 
observed,  is  varied  from  4  mm  to  28  mm.  Visually,  the  stability  of  the  plasma  increased 
with  the  tandem  electrode.  If  the  tandem  electrode  is  moved  horizontally,  5-15  mm 
off-center,  the  plasma  remained  coupled  to  the  electrode.  The  signal  increased  because 
of  increased  energy  transfer  as  indicated  through  the  coupling  of  the  plasma  to  the 
tandem  electrode.  At  this  time,  there  is  no  explanation  why  the  noise  increased.  The 
LODs  with  and  without  the  tandem  electrode  are  1  \xg  mL1  and  0.8  ng  mL"  , 
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respectively.    Since  the  addition  of  a  tandem  electrode  did  not  benefit  the  LOD,  it  was 

not  investigated  further. 

Electrode  Depth 

The  effect  of  increasing  the  depth  of  the  electrode,  inside  the  quartz  torch,  was 
investigated.  The  "depth"  of  the  electrode  is  the  distance  between  the  top  of  the  torch 
and  the  top  of  the  electrode.  A  depth  of  zero  mm  indicates  the  electrode  is  level  with 
the  top  of  the  torch.  A  depth  of  10  mm  has  the  electrode  10  mm  below  the  top  of  the 
torch.  The  results  for  the  Si  signal  and  background  versus  depth  are  shown  in  Figure 
3-5.  The  Si  signal  is  measured  at  a  height  of  12  mm  above  the  electrode,  corresponding 
to  the  optimum  height  for  Si  emission.  Results  of  Si  signal  versus  height  will  be 
discussed  in  the  following  section.  Figure  3-6  gives  the  S/N  versus  depth.  The  results 
show  an  optimum  signal  and  S/N  at  a  depth  of  6  mm  to  10  mm.  A  decrease  in  signal 
and  S/N  is  observed  at  13  mm  and  15  mm,  because  the  signal  is  transmitted  through  the 
quartz  torch.  The  transmission  of  the  quartz  is  less  than  100%,  due  to  the  characteristics 
of  the  quartz  and  previous  etching  from  the  plasma.  When  the  depth  is  greater  than  12 
mm,  the  signal  is  also  observed  1  mm  above  the  torch.  Here,  increasing  the  depth  from 
12  mm  to  16  mm  did  not  improve  the  signal  or  S/N  over  the  previous  results.  A  picture 
of  the  cylindrical  He-CMP,  with  a  depth  of  10  mm,  is  given  in  Figure  2-4.  Visually, 
as  the  depth  is  increased  to  10  mm,  the  diameter  of  the  plasma  decreased  by  1  -4  mm. 
An  increase  in  the  intensity  is  also  noticed,  which  appeared  to  indicate  an  increase  in  the 
electron  number  density  of  the  plasma. 
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Spatial  Profiles 

Spatial  profiles  of  the  Si  emission  distribution  are  measured  to  locate  the  regions 
with  maximum  signal  and  S/N.  Spatial  mapping  has  been  performed  on  the  DCP118  and 
ICP.119'120  Blades  and  Horlick120  studied  the  emission  profiles  of  twelve  elements,  while 
Kawaguchi  et  al.119  examined  Fe,  Cr,  and  Mn  emission  profiles,  in  the  Ar-ICP.  Figure 
3-7  gives  the  signal  and  S/N  versus  height  above  the  electrode.  The  optimum  signal 
and  S/N  are  located  approximately  1 1  mm  to  14  mm  above  the  electrode.  The  curve  for 
S/N,  Figure  3-7,  is  obtained  using  a  polynomial  fit.  Data  for  the  S/N,  in  the  region  of 
11-14  mm,  is  constant.  Above  12  mm  the  signal  decreased  rapidly.  The  S/N  did  not 
decrease  as  rapidly  as  the  signal,  due  to  lower  noise  levels  exhibited  at  greater  heights 
in  the  plasma.  As  the  depth  of  the  electrode  is  varied  from  4  mm  to  10  mm,  no 
significant  change  is  observed  in  the  vertical  profile  of  Si. 

The  horizontal  distribution  of  the  Si  signal  was  obtained  for  the  cylindrical 
He -CMP.  The  vertical  height  was  12  mm  above  the  electrode.  Figure  3-8  shows  the 
horizontal  distribution.  The  x-axis  gives  the  displacement  from  the  center  of  the 
plasma.  The  value  of  zero  mm  is  obtained  by  visually  observing  the  plasma  silhouette, 
on  the  entrance  slit  of  the  spectrometer,  and  aligning  the  center  of  the  plasma  with  the 
slit.  A  relatively  constant  Si  signal  is  observed  at  ±  1.5  mm.  Occasionally,  the  data 
gives  skewed  results,  giving  a  greater  Si  emission  (20%)  on  one  side  of  the  electrode. 
This  is  attributed  to  the  electrode  not  being  properly  aligned  in  the  vertical  direction. 
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Effect  of  Power 

A  plot  of  signal  and  background,  versus  power  (W),  is  found  in  Figure  3-9.  The 
signal  increased  from  450  W  to  1000  W.  Above  1000  W,  the  signal  appeared  to  remain 
constant.  Power  levels  greater  than  1200  W  are  not  investigated  due  to  the  formation  of 
the  filament  plasma.  The  background  level  increased  between  700  W  and  1000  W.  In 
Figure  3  -  10  is  a  graph  of  S/N  versus  power.  An  optimum  S/N  is  obtained  in  the  region 
of  700-975  W.  The  decrease  in  the  S/N  above  1000  W  is  due  to  the  signal  remaining 
constant  while  the  noise  level  increased.  The  results  are  in  contradiction  to  those  of 
Masamba  and  Winefordner.68  Masamba  and  Winefordner68  used  the  spherical  He -CMP 
operating  at  6.5  L  min"1  He  and  300  cm3  min"1  H2.  Their  results  showed  the  signal  for 
Al  and  Mn  increased  with  power  levels  between  600  W  and  1000  W.  Power  levels 
above  1000  W  were  not  investigated.  The  S/N  for  Al  also  increased  in  this  power  range. 
The  results  for  Mn  also  showed  the  S/N  increased  with  power  up  to  900  W.  Values  for 
the  Mn  S/N  at  900  W  and  1000  W  are  similar,  which  suggests  a  plateau.  This  would 
give  results  similar  to  those  of  Si  above  1000  W. 

Electrodes 

Research  was  also  performed  on  materials  for  electrode  fabrication.  In  CMPs, 
the  plasma  is  formed  on  top  of  the  electrode.  One  disadvantage  of  the  CMP  is  the 
electrode  can  add  contaminants  to  the  plasma.    This  is  evident  in  Figure  3-1,  where 
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carbon  emission  from  the  graphite  electrode  is  visible.   Electrodes  were  fabricated  from 

graphite  (G),  titanium  (Ti),  and  tungsten  (W).  Previous  electrodes  used  in  CMPs  include 

graphite,61,68  Ta,6"4,121  and  a  tungsten  wire.70    Graphite  electrodes  offer  the  advantages 

of  being  cheap,  easily  fabricated,  and  able  to  operate  at  power  levels  up  to  1200  W.  The 

emission  from  the  He -CMP,  while  nebulizing  kerosene,  is  given  in  Figure  3  —  11.   This 

figure  shows  the  background  being  decreased  with  Ti  and  W  electrodes.   A  larger  carbon 

(247.9  nm)  emission  is  observed  with  the  G  electrode.    Using  the  G  electrode,  carbon 

emission  is  due  to  both  the  kerosene  and  the  graphite  electrode.    The  G  electrode  only 

lasted  1-2  hours,  as  the  electrode  changed  from  a  smooth,  flat  surface  to  a  rough, 

rounded  surface.    A  rounded  surface  produced  a  filament  shaped  plasma.    During  the 

operation  of  the  cylindrical   plasma,   above  800  W,   graphite  particles  are  visually 

observed  flowing  through  the  plasma. 

The  Ti  electrode  has  a  lower  background  compared  to  the  G  electrode.  A 
disadvantage  of  the  Ti  electrode  included  melting  above  500  W.  In  Figure  3-11,  the 
Ti  electrode  is  starting  to  melt  and  Si  emission  is  observed;  the  Si  is  an  impurity  in  the 
Ti.  In  comparison  to  G,  the  Ti  decreased  the  background  and  noise  by  40%  and  50%, 
respectively. 

The  W  electrode  also  produced  a  lower  background  and  noise,  compared  to  the 
graphite  electrode.  The  background  and  noise  decreased  by  30%  and  50%,  respectively. 
Power  levels  up  to  1400  W  are  used  with  the  tungsten  electrode.  At  1400  W,  tungsten 
emission  is  observed,  suggesting  that  the  electrode  is  being  eroded  by  the  plasma.  Power 
levels  >    1400  W  produced  the  filament  shaped  plasma.    During  the  three  months  of 
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operation,  the  W  electrode  was  used  for  over  150  hours  at  700-  1000  W.    No  erosion 

or  pitting  of  the  electrode  was  visible.   The  disadvantage  of  the  W  electrode  is  the  high 

initial  cost  ($635.00).   However,  since  the  electrode  lasted  longer  than  the  G  electrode, 

it  should  be  cost  effective  in  the  long  term.    The  advantages  of  the  W  electrode,  versus 

G,  are  a  longer  lifetime  and  decreased  background  and  noise  levels. 

Molecular  Gas  Addition 

Molecular  gases  have  been  used  in  ICPsl22'l23and  CMPs68,70  for  spectrochemical 
analysis.  The  number  of  studies  employing  molecular  gases  (02,  N2)  in  an  Ar-ICP  has 
increased  over  the  past  several  years.31  The  addition  of  a  molecular  gas  to  an  Ar-ICP 
offered  the  advantage  of  greater  heat  transfer  to  analyte  aerosol  particles.31  Mixed  gas 
Ar-ICPs  decompose  refractory  particles  and  operate  with  higher  solvent  and  analyte 
loads.124  In  a  He -CMP,  hydrogen  gas  was  added  to  prevent  the  plasma  from  adhering 
to  the  torch  walls. 6S  Ali  and  Winefordner70  reported  the  addition  of  H2  gas  at  100  mL 
min"1  into  a  He-CMP  decreased  the  background  level  and  noise.  In  the  cylindrical  He- 
CMP,  increasing  the  H2  gas  flow  rate  from  0  cm3  min"1  to  250  cm3  min"1  produced  a 
decrease  in  the  plasma  diameter  and  height  by  14  mm  to  6  mm  and  20  mm  to  15  mm, 
respectively.  In  ICPs,  adding  a  molecular  gas  produced  a  reduction  in  the  plasma 
size.122125  The  reduction  in  plasma  size  has  been  attributed  to  the  additional  absorption 
of  energy  required  in  dissociating  the  molecular  species.125 

Introducing  molecular  gases  into  a  plasma  altered  the  emission  signals. 
Masamba26  investigated  the  effect  of  adding  H2  on  the  emission  signals  for  Zn,  Cr,  As, 
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and  Hg  in  a  He -CMP.   The  addition  of  H2  decreased  the  S/N  for  As  and  Hg,  while  the 

S/N  for  Cr  and  Zn  remained  relatively  constant.26  If  organic  samples  are  introduced  into 

the  He -CMP,  the  dominant  spectral  features  in  the  background  are  from  CN  and  C 

molecular  emission  (see  chapter  5).  The  presence  of  02  reduced  molecular  emission  due 

to  CN  and  C2.31-84   In  our  research,  the  effects  of  H2,  N2,  and  02  on  the  Si  signal  and 

S/N  are  investigated. 

Figure  3-12  gives  the  effect  of  the  signal  for  various  amounts  of  molecular  gas. 
The  results  are  normalized  to  the  signal  obtained  with  no  molecular  gas  addition. 
Nitrogen,  at  a  flow  rate  between  zero  cm3  min"1  and  200  cm3  min"',  slowly  doubles  the 
signal.  The  (N2)-He-CMP  produced  a  relatively  constant  signal  in  the  range  from 
200-1000  cm3  min"1.  Both  02  and  H2  produced  a  curved  response  in  the  signal.  In 
Figure  3-13  are  the  results  of  the  S/N  ratio  for  Si.  Adding  N2  produced  little 
enhancement  (180%)  in  the  S/N.  Oxygen  increased  the  S/N  by  a  factor  greater  than  two, 
although  the  signal  increased  over  four  times.  This  was  because  increasing  the  0-,  flow 
rate,  from  0  cm3  min"1  to  300  cm3  min"1,  doubled  the  noise  in  the  background.  Green 
C2  emission,  visually  observed  when  organic  solutions  are  introduced  into  a  plasma, 
decreased  as  02  was  added.  The  possibility  exists  that  adding  increased  amounts  of  02 
may  promote  the  formation  of  Si02,  therefore,  decreasing  the  amount  of  Si  atoms 
available  to  produce  an  emission  signal. 

The  largest  increase  in  the  S/N  was  observed  for  H2.  Upon  the  addition  of  100 
cm3  min"1  of  H2,  the  S/N  increased  over  five  times  versus  the  S/N  without  H2.  The  S/N 
decreased  rapidly  with  a  H2  flow  rate  above  150  cm3  min"1.    If  the  H-,  flow  rate  was  > 
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250  cm3  min"1,  none  or  very  little  Si  emission  was  observed.    The  H2  makes  a  stronger 

reducing  environment,  decreasing  the  reaction  of  Si  with  traces  of  02.  The  02  is  present 

as  an  impurity  in  the  He  plasma  gas  and  as  entrained  air.    Based  on  the  increased  S/N, 

the  addition  of  H2  is  preferred  over  02  (and  N2)  for  the  analysis  of  Si. 

Figures  of  Merit 

The  LOD  for  Si,  in  kerosene,  was  measured  using  the  spherical  and  cylindrical 
plasmas.  LOD  values  of  17  and  0.3  pg  mL'1  were  obtained  for  the  spherical  and 
cylindrical  He -CMP,  respectively.  These  values  are  based  on  three  times  the  standard 
deviation  of  the  blank,  also  represented  as  3a.  Using  the  cylindrical  plasma,  the  LOD 
for  Si  was  decreased  by  two  orders  of  magnitude.  In  comparison,  the  LODs  by  ICP- 
OES84  and  GFAAS81  are  0.016  fxg  mL"1  and  0.001  ]ig  mL"1,  respectively.  ICP-MS 
gives  an  LOD  greater  than  1  jug  mL'1.86,87  The  linear  dynamic  range  of  the  cylindrical 
He -CMP  is  three  orders  of  magnitude.  Relative  standard  deviations  in  the  signal  were 
approximately  2%. 

Conclusion 

The  cylindrical  He -CMP  was  applied  to  the  analysis  of  Si  in  organic  solution. 
The  depth  of  the  electrode,  inside  the  torch,  was  increased.  This  decreased  the  flickering 
of  the  plasma  and  increased  the  Si  signal  and  S/N.  Spatial  profiles  of  the  Si  emission 
were  examined.  The  Si  reached  a  maximum  signal  and  S/N  between  700-  1000  W.  The 
addition  of  H2  gave  superior  S/N  results  for  Si  compared  to  the  addition  of  02  and  N2. 
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An  electrode  made  from  tungsten  exhibited  lower  background  and  noise  levels,  versus 

a  graphite  electrode.    The  tungsten  electrode  also  has  a  longer  lifetime  than  graphite  or 

titanium  electrodes.  The  LODs  for  the  He  -  CMP  are  over  an  order  of  magnitude  greater 

than  those  of  ICP-OES  and  GFAAS.   To  lower  the  LOD  in  the  cylindrical  He -CMP, 

the  sample  introduction  technique  of  thermal   vaporization  was  investigated  and  is 

discussed  in  the  next  chapter. 


CHAPTER  4 

DETERMINATION  OF  SILICON  IN  ORGANIC 

SOLUTION  BY  THERMAL  VAPORIZATION 


Introduction 

The  sample  introduction  technique  of  thermal  vaporization  (TV)  is  often  used 
when  lower  limits  of  detection  (LODs)  are  required  than  can  be  obtained  by  pneumatic 
nebulization.126'127  Thermal  vaporization  is  the  term  used  whenever  thermal, 
electrothermal,  electrical,  or  direct  vaporization  is  the  source  used  to  produce  the 
appropriate  free  species  for  spectrometric  detection.128  Ng  and  Caruso127  compared  an 
electrothermal  carbon  cup  vaporizer  with  a  pneumatic  nebulizer  for  the  introduction  of 
samples  into  an  ICP.  The  LODs  for  the  vaporizer  were  an  order  of  magnitude  lower 
than  those  of  the  pneumatic  nebulizer.127 

Improved  LODs  with  TV,  compared  to  nebulization,  are  a  result  of  a  larger 
percentage  of  the  sample  being  transported  into  the  plasma.  In  TV,  up  to  100%  of  the 
sample  reaches  the  plasma,  while  nebulizer  efficiencies  are  usually  less  than  10%.  In 
nebulizers,  the  sample  is  diluted  in  a  carrier  gas  before  reaching  the  plasma.  Samples 
are  diluted  less  in  TV,  which  increases  the  atomic  number  density  of  the  analyte  in  the 
plasma.83  Disadvantages  of  TV  include  poorer  precision,  greater  interference  effects, 
and  a  lower  throughput  of  samples.83,129 


83 
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In  TV,  a  discrete  amount  of  a  sample  is  deposited  inside  or  on  top  of  an  atomizer. 

The  atomizer  may  be  a  cup,  rod,  platform,  or  wire.129  The  atomizer  is  then  heated  in 

three  steps.83    Initially,  the  first  step  is  the  drying  or  desolvation  step,  where  sufficient 

energy  is  applied  to  evaporate  the  solvent  and  leave  a  solid  residue.    An  ashing  step  is 

then  performed,  where  the  power  is  increased  to  convert  organic  material  to  H20  and 

C02,  and  vaporize  the  volatile  inorganic  components.   The  third  step  is  the  atomization 

step.   Here  the  power  is  increased  and  the  sample  is  vaporized  and  atomized,  producing 

an  atomic  vapor.  The  vapor  is  probed  by  a  source,  as  in  atomic  absorption  spectroscopy, 

or  carried  into  a  plasma  or  flame,  where  emission  is  observed  using  atomic  emission 

spectrosocpy.   Since  the  atomic  vapor  is  formed  rapidly,  a  transient,  peak- shaped  signal 

is  produced.    Additionally,  a  fourth  "cleaning"  step  may  be  used.   Here  a  higher  power 

is  employed  to  remove  any  residue  from  the  atomizer.   Each  step  is  optimized  for  power 

and  time.     It  has  been  established  that  the  separation  of  the  sampling/vaporization 

processes   from   the  atomization/excitation   process   improves   the  general   analytical 

capability  of  the  system.130-  I32 

Thermal  vaporization  devices  have  been  used  with  CMP-OES,  MIP-OES,  and 

ICP-OES.    Matusiewicz  reviewed  sample  introduction  techniques  for  MIP-OES  and 

states  "sample  introduction  to  excitation  sources  is  one  of  the  most  fertile  fields  of 

research  in  analytical  atomic  emission  spectrometry."   12S    Hanamura  et  al.62  used  a 

furnace  vaporizer  where  the  sample  is  held  in  a  quartz  crucible.    As  the  sample  was 

heated,  the  volatile  components  were  swept  by  a  carrier  gas  flow  into  the  CMP.    The 

carrier  gas  transported  the  sample  through  the  center  of  the  CMP  electrode  and  into  the 
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plasma.    Detection  limits  for  H,  O,  N,  C,  Hg  and  As  were  in  the  high  nanogram  range 

for  1  g  of  solid  sample.  Ali  et  al.65'66  developed  an  electrode  cup  system.  The  plasma 
formed  on  top  of  the  sample  cup.  This  offered  an  advantage  in  that  the  sample  was 
vaporized  directly  into  the  plasma.  Techniques  such  as  MIP-OES  and  ICP-OES 
generally  require  a  carrier  gas  to  sweep  the  sample  from  the  atomizer  into  the 
plasma.133-136  Figure  2-2  gives  a  diagram  of  an  electrode  cup  system.  Limits  of 
detection  (3a)  were  between  10  and  210  pg  for  nineteen  elements  in  aqueous  solution.65 
This  system  was  applied  to  the  analysis  of  coal  fly  ash  and  tomato  leaves.66 

MIPs  are  also  used  with  TV. I34-137-  14°  The  characteristics  of  MIP,  such  as  low 
operating  power  and  the  small  plasma  diameter,  limit  the  ability  of  the  plasma  to 
vaporize  and  atomize  solid  or  liquid  samples.139  Sample  atomizers  include  a  tantalum 
filament, 13S  tungsten  boat,1""  and  graphite  furnace.134  Several  reviews  have  been 
published  on  sample  introduction  by  TV.139,142  Heltai  et  al.134  combined  a  graphite 
furnace  vaporization  system  with  argon-  and  helium -MIPs.  LODs  were  between  0.1 
and  100  ng  ml/1,  using  50  juL  aliquots,  for  13  elements.  The  MIP  had  a  gas  circulation 
system  that  allowed  venting  of  the  solvent  vapor  during  the  drying  and  ashing  steps, 
preventing  extinguishing  of  the  plasma.  In  the  atomization  step,  the  analyte  aerosol  is 
carried  into  the  MIP.  Problems  in  this  type  of  arrangement  included  unstable  plasma 
operation  during  manipulation  of  the  valves  and  plating  of  the  samples  onto  the  walls  of 
the  transfer  tubes.3,134  Operation  of  the  TV -MIP-OES  system  required  a  narrow  range 
of  parameters  for  stable  plasma  operation.3,134 
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Atomizers  in  TV-ICP-OES  include  filaments,  boats,  rods,  and  tubes  made  from 

metal  or  graphite.129  McLeod  et  al.129  have  reviewed  TV-ICP-OES,  with  particular 
attention  to  direct  sample  insertion  (DSI)  probes  and  electrothermal  vaporization  (ETV). 
The  use  of  ETV-ICP-OES  is  generally  performed  by  modifying  the  ETV  from  a 
graphite  furnace  atomic  absorption  spectrometer.136  Samples  are  dried  and  vaporized  into 
the  ICP.  The  ICP  then  uses  its  energy  more  efficiently  in  dissociating,  atomizing,  and 
exciting  the  small  amount  of  the  sample  that  was  previously  desolvated.  ETV  connected 
with  ICP-OES  is  extremely  sensitive  and  is  reported  to  give  LODs  two  orders  of 
magnitude  lower  than  those  with  pneumatic  nebulization.129  There  are  several 
disadvantages  to  ETV-ICP-OES  including  1)  variable  or  incomplete  sample 
vaporization,  2)  formation  of  refractory  compounds  (carbides)  due  to  contact  of  the 
analyte  with  graphite  containers,  3)  change  in  the  rate  of  transport  between  the  ETV  and 
ICP,  4)  losses  of  analyte  during  transportation  between  the  ETV  and  ICP  that  is 
irreproducible.130  Even  with  the  limitations  of  ETV-ICP-OES,  it  has  been  successfully 
applied  to  the  analysis  of  sea  water,143  biological  materials,135  and  ceramic  powders.130 
Another  method  for  TV  sample  introduction  is  using  direct  sample  insertion - 
inductively  coupled  plasma -optical  emission  spectrometry  (DSI-ICP-OES).  Direct 
sample  insertion  is  performed  by  inserting  a  probe,  containing  the  sample,  directly  into 
the  ICP.129  The  probe  is  similar  to  CMP  electrodes.  In  DSI-ICP-OES,  the  plasma  is 
"on"  during  manipulation  of  the  probe.129  The  probe  is  raised  axially,  or  transversely, 
to  within  a  few  mm  of  the  plasma.129  Sample  desolvation  and  ashing  occurs  due  to  the 
thermal  heat  from   the  plasma.      Insertion  of  the  probe  into  the  plasma  produces 
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vaporization  and  excitation  of  the  analyte.      Development  of  DSI-ICP-OES  was 

performed  by  Salin  and  Horlick144  and  Sommer  and  Ohls.'45  Currently,  the  research 
involves  automating  the  sample  introduction  assembly.  146  Disadvantages  of  DSI-ICP- 
OES  included  a  shift  in  the  background  level  following  insertion  of  the  probe  into  the 
ICP.129  Precise  positioning  of  the  probe  was  required  to  give  reproducible  vaporization 
and  excitation  conditions.129  A  difference  in  probe  positioning  by  1  mm  produced  a 
change  in  the  signal  greater  than  10%. I47  Reproducibility  with  computer  control  of  the 
automatic  insertion  process  is  about  +  0.5  mm.146  DSI-ICP-OES  has  been  applied  to 
the  analysis  of  aqueous  solutions,146  aluminum  oxide,148  and  nickel  alloys.149 

The  technique  of  TV-CMP-OES  has  several  advantages  over  TV-MIP-OES 
and  TV-ICP-OES.  In  TV-CMP-OES,  the  plasma  is  formed  directly  on  top  of  the 
electrode  cup,  which  is  holding  the  sample.  Analyte  is  not  lost  due  to  transportation 
between  the  atomizer  and  the  plasma.  Positioning  of  the  electrode  does  not  change 
between  sample  determinations,  negating  the  positioning  errors  that  occur  in  DSI-ICP- 
OES.  After  the  sample  is  deposited  inside  the  cup,  the  plasma  is  ignited  and  used  to  dry, 
ash,  and  vaporize  the  sample.  No  manipulation  of  the  plasma  gas  is  required,  in  contrast 
to  TV-MIP-OES.  Disadvantages  of  TV-CMP-OES  include  possible  contamination 
due  to  electrode  materials  and  changes  in  background  levels  when  the  microwave  power 
is  manipulated. 

In  this  research,  the  technique  of  TV-CMP-OES  is  applied  to  the  determination 
of  Si  in  organic  solution.  A  comparison  is  made  between  electrode  cups  fabricated  from 
graphite,  titanium  and  tungsten.    Studies  are  performed  on  the  effects  of  ashing  time, 
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ashing  power,  and  atomization  power  on  the  silicon  signal.     The  addition  of  matrix 

modifiers,  such  as  Mg(NO-,):,  are  investigated.   Finally,  the  LOD  for  Si  by  TV- CMP  - 

OES  is  determined  and  compared  to  those  reported  by  GFAAS,  GF-OES,  TV-MIP- 

OES,  and  TV-ICP-OES. 

Experimental 

The  instrumentation  is  discussed  in  chapter  2.  The  electrode  cup  system,  shown 
in  Figure  2-2B,  is  employed  in  this  research.  In  general,  the  same  parameters  as 
reported  for  pneumatic  nebulization,  chapter  3,  are  used.  Standards  were  prepared  in 
methyl  isobutyl  ketone  (MIBK),  obtained  from  Burdick  &  Jackson  Laboratories  Inc., 
Muskegon,  MI.  Kerosene,  used  in  chapter  3,  was  determined  to  contain  silicon  in  the 
100-500  ng  mL"1  range,  using  the  technique  of  TV -CMP -OES.  Blank  MIBK  samples 
did  not  give  silicon  emission  at  288.16  nm.  Electrode  cups  are  fabricated  using  the 
materials  given  in  Table  2-2.  The  graphite  and  titanium  cups  are  made  in  the 
laboratory.  Thermo  Electron/Tecomet  (Wilmington,  MA)  manufactured  the  tungsten  cup. 
The  graphite  electrode,  which  supports  the  cups,  is  made  in  the  laboratory.  This 
electrode  has  a  depression  that  gives  a  snug  fit  and  good  electrical  contact  with  the  cup. 
Dimensions  of  the  cup  are  given  in  Figure  2  -2B  and  are  similar  to  those  reported  in  the 
literature.66 

The  optimum  helium  and  hydrogen  gas  flow  rates  are  10  L  min"1  and  150  cm3 
min"1,  respectively.  These  are  the  same  as  reported  in  chapter  3.  The  vertical  spatial 
profile  is  similar  to  the  results  obtained  by  pneumatic  nebulization,  shown  in  Figures 
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3-7  and  3-8.   The  optimum  height  is  between  7  and  9  mm.   Increasing  the  "depth"  of 

the  electrode  gave  similar  results  to  those  obtained  by  pneumatic  nebulization,  as  shown 
in  Figures  3-5  and  3-6.  An  optimum  height  of  6-8  mm  is  found  using  thermal 
vaporization.  The  vertical  height  and  electrode  depth  used  in  the  experiments  reported 
in  this  chapter  are  8  mm  and  6  mm,  respectively.  Parameters  for  the  photodiode  array 
include  an  integration  time  of  167  ms,  also  discussed  in  the  results  section,  and  an 
accumulation  of  zero.  Data  points  for  the  signals  are  the  average  of  three  measurements. 
Error  bars  represent  one  standard  deviation  (la),  based  on  three  measurements. 
Background  noise  levels  (N)  are  determined  by  measuring  ten  consecutive  diodes  at  2  nm 
from  the  silicon  signal.  Using  the  Si  288.16  nm  line,  the  background  signal  and 
background  noise  is  measured  at  ~  290  nm.  Due  to  the  transient  nature  of  the  Si  signal, 
the  background  and  background  noise  are  determined  using  the  same  spectrum  that  gives 
the  maximum  Si  signal. 

The  general  procedure  for  performing  the  analysis  by  TV-CMP-OES  is  as 
follows.  The  sample,  10-30  ^L,  is  added  to  the  sample  cup.  Microwave  power  is 
increased  to  the  level  where  the  ashing  step  is  performed.  In  our  system,  the  drying  and 
ashing  is  performed  in  one  step.  An  insulated  wire  is  briefly  touched  to  the  side  of  the 
electrode,  initiating  the  plasma.  The  ashing  time  starts  from  the  point  where  the  plasma 
is  ignited.  Before  the  ashing  step  is  over,  data  acquisition  is  started.  When  the  ashing 
step  is  finished,  the  power  is  manually  increased  to  the  atomization  power  level.  After 
data  acquisition  is  over,  the  power  is  raised  to  1200  W  for  5-  10  s,  to  clean  the  sample 
cup. 
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The  parameters  usually  employed  are  as  follows:     ashing  time- 10  s,  ashing 

power-  135  W,  atomization  power -500  W,  and  sample  size -20  fxL.  These  parameters 

are  used  unless  otherwise  noted.  Investigations  into  the  vertical  profile,  integration  time, 

ashing  time,  and  ashing  power  are  performed  using  a  titanium  cup.    A  tungsten  cup  is 

employed  while  studying  the  effects  of  atomization  power,   matrix   modifiers,  and 

determination  of  the  LOD.    In  examining  the  temporal  nature  of  silicon  emission,  the 

integration  time  is  67  ms.   Curves  drawn  to  show  the  effect  of  atomization  power  on  the 

signal  and  S/N  are  obtained  using  a  computer  program  (Origin,  ver.2.8,  MicroCal 

Software,   Inc.,  Northampton,   MA).     The  data  points  for  the  atomization  power  is 

submitted  to  a  polynomial  fitting  function.    Determination  of  the  Si  LOD  is  performed 

using  a  sample  size  of  30  /.iL,  the  maximum  capacity  of  the  cup. 

The  effect  of  adding  tantalum  and  niobium  solutions  to  the  graphite  cup  is 
investigated.  An  impregnation  process  similar  to  Muller-Vogt  and  Wendl150  is 
employed.  This  involved  pipetting  solutions  of  1000  ^g  mL"1  of  Ta  or  Nb  into  the  cup, 
followed  by  drying  the  solution  in  situ  with  the  plasma.  Silicon  samples  are  added  to  the 
cup  and  the  analysis  performed  as  previously  described.  Silicon  emission  is  observed  at 
288.16  nm,  except  in  the  study  involving  matrix  modifiers.  The  Si  line  at  251.61  nm 
is  employed  during  matrix  modification  studies  due  to  interference  caused  by  the  Mg 
285.2  nm  line. 

Matrix  modifiers  containing  Mg,  Pd,  and  trichloroethylene  are  investigated. 
Sensitivity  is  increased  with  the  addition  of  modifiers.81  In  GFAAS,  the  elements  Mg 
and  Pd  are  used  as  modifiers.    Organohalogen  compounds  have  been  used  to  determine 


91 
carbide  forming  elements.151,152    In  our  research,  the  modifier  is  added  to  the  sample 

cup,  followed  by  an  ashing  step.  The  ashing  step  is  performed  by  applying  a  power  level 

of  135  W  for  15  s.    After  a  time  of  10  s,  no  solution  was  visually  observed  in  the  cup. 

Ashing  times  of  longer  than  20  s  only  removed  the  Mg  modifier.   This  was  observed  by 

measuring  the  Mg  285.2  nm  line.    Sample  is  then  pipetted  into  the  cup,  followed  by 

another  ashing  step  and  finally,  the  atomization  step.    A  cleaning  step  is  performed  to 

remove  the  matrix  modifier  residue.    The  cleaning  step  included  the  addition  of  10% 

HN03,  followed  by  igniting  the  plasma  at  135  W.   The  power  is  then  increased  to  1200 

W,  for  approximately  10  s.     The  cleanin  step  is  performed  three  times,  in  order  to 

remove  the  previous  matrix  modifier.    Magnesium  emission  at  285.2  nm  is  observed  to 

check  the  cleaning  process.    An  aqueous  solution  containing  10,000  /j.g  mL"1  Mg  in  2% 

HNO3  is  prepared  from  Mg(N03)2-6H20  (Aldrich  Chemical  Co.,  Inc.).     Palladium 

solution,   1000  ^g  ml;1,  in   10%  HCL  was  obtained  from  Inorganic  Ventures,  Inc. 

Fisher  Scientific  supplied  the  trichloroethylene. 

Results  and  Discussion 


Integration  Time 


The  optimum  integration  time  of  the  photodiode  array  detector  (PDA)  is 
investigated.  Integration  times  are  varied  from  0.033  s  to  0.33  s.  The  integration  time 
is  the  time  the  PDA  collects  the  signal  for  each  scan.  Results  for  the  signal  and  S/N  are 
presented  in  Figure  4  -  1 .  As  the  integration  time  increases,  the  signal  increases.  Figure 
4-  1  shows  the  S/N  reaches  an  optimum  value  in  the  0.1  s  to  0.25  s  range.  In  the  region 
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above  0.23  s,  the  increase  in  the  standard  deviation  of  the  background,  N,  is  greater  than 

the  increase  in   the  signal,   resulting  in   a  decrease   in  the  S/N.     This  shows  that 

background  emission   flicker  noise  limits  the  system.83,153     Other  researchers  have 

reported  that  ICP-OES  is  limited  by  flicker  noise.154-156   Flicker  noise  is  also  called 

nonfundamental  or  excess  noise  and  represents  the  root  -  mean  -  square  noise  per  unit 

frequency  interval  that  is  directly  proportional  to  the  magnitude  of  the  signal. S3 

Vertical  Profile 

Distribution  of  the  signal  and  S/N  versus  height  above  the  electrode  cup  is 
determined.  This  experiment  is  similar  to  the  vertical  spatial  profile  described  in  chapter 
3.  In  chapter  3,  solutions  are  introduced  by  pneumatic  nebulization,  where  an  optimum 
height,  based  on  signal  and  S/N,  of  1 1  -  14  mm  is  found.  Using  TV,  the  optimum  height 
is  7-9  mm.  This  decrease  in  the  height  for  the  maximum  signal  and  S/N  is  explained 
by  examining  the  processes  that  occur  during  sample  introduction  and  excitation.  With 
a  nebulizer,  a  spray  or  mist  of  fine  droplets  is  produced  from  a  solution.  This  spray  is 
carried  to  the  plasma.  The  plasma  must  desolvate  the  analyte  and  form  dry  aerosol 
particles.  After  desolvation,  the  particles  are  volatilized  to  form  a  vapor  of  free  atoms, 
ions,  and  molecules.  These  species  are  then  excited  by  collisions  to  give  the 
characteristic  spectral  line  emission  which  is  detected.  In  TV,  the  sample  has  previously 
been  desolvated  by  the  drying/ashing  step(s).  The  plasma  then  only  volatilizes  and 
excites  the  analyte.  Since  fewer  processes  are  required  of  the  plasma  in  TV,  the 
maximum  of  the  emission  profile  is  lower  in  the  plasma. 
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Temporal  Nature  of  Silicon 

In  TV,  the  signal  is  a  transient  peak.  Initially,  the  sample  is  dried  and  ashed  at 
low  power  (135  W),  removing  the  matrix.  The  power  is  then  increased  (1000  W)  to 
vaporize  the  analyte  into  the  plasma.  Figure  4-2  shows  a  plot  of  the  Si  signal  (y-axis) 
versus  the  wavelength  (x-axis)  and  time  (z-axis).  On  the  time  scale,  the  point  where 
the  power  is  increased  (135  W  to  1000  W)  is  arbitrarily  set  to  zero.  A  time  of  0.75  s, 
after  initiation  of  the  atomization  step,  lapses  before  Si  emission  is  observed.  This  lag 
time  is  necessary  for  the  cup  to  reach  a  high  enough  temperature  to  vaporize  Si.  The  cup 
is  heated  by  thermal  energy  from  the  plasma  and  electrical  energy  from  the  microwaves 
passing  through  the  electrode.  Visually,  the  cup  is  observed  to  glow  with  a  yellow  or 
white  color.  Silicon  emission  is  observed  for  0.5  s,  after  which  the  emission  returns  to 
the  background  level.  In  Figure  4-2,  the  change  in  background  level  is  observed  when 
the  power  is  increased  from  the  ashing  power  to  the  atomization  power.  At  time  equals 
zero,  the  background  increases  from  500  counts  to  900  counts.  The  change  in  the 
background  level  is  indicative  of  the  start  of  atomization.  Peaks  around  282  nm,  Figure 
4-2,  are  due  to  OH  molecular  emission.  The  bandhead  for  OH  emission  is  at  281.1 
nm.  Oxygen  impurities  from  the  plasma  gases,  entrained  air,  and  the  oxygen  from  the 
siloxane  compounds  used  as  standards  are  the  sources  of  OH. 

Helium  emission  occurring  during  the  ashing/atomization  process  is  investigated. 
A  strong  helium  emission  line  is  observed  at  587.56  nm.  Figure  4-3  gives  a  temporal 
plot,  intensity  versus  time,  of  the  He  587.56  and  Si  288.16  nm  lines.     Time  zero  is 
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where  the  power  is  increased  from  135  W  to  1000  W.   The  observation  height  is  8  mm. 

At  135  W,  the  plasma  height  is  5  mm  and  is  not  imaged  on  the  entrance  slit  of  the 

spectrometer.    Little  He  emission  is  observed  by  the  spectrometer  at  this  wattage,  due 

to  the  plasma  not  being  imaged  on  the  entrance  slit.   When  the  power  is  at  1000  W,  the 

plasma  height  is  20  mm  and  a  strong  emission  signal  is  observed  for  He.    As  shown  in 

Figure  4-3,  the  He  emission  increased  very  fast  as  the  power  is  increased  to  1000  W. 

A  maximum  Si  emission  occurs  in  1  s.    Helium  emission  is  constant  after  =  0.5  s. 

Measuring  10  data  points  in  the  He  emission  line,  which  occur  simultaneously  when  Si 

emission  is  observed,  gives  a  relative  standard  deviation  of  3%.    Silicon  emission  starts 

after  0.75  s,  as  shown  in  Figure  4-3,  and  has  returned  to  the  background  level  after  an 

additional  0.5  s.  This  temporal  response  is  fast  compared  to  the  response  of  Si  observed 

in  DSI-ICP-OES. 

Karanassios   et   al.146  studied   temporal   responses   for    12   elements,    aqueous 

solutions,  using  DSI-ICP-OFS.    In  their  study  of  Si,  emission  was  observed  after  5  s 

and  returned  to  baseline  after  an  additional  4  s.    In  their  study,  time  zero  is  when  the 

probe  is  initially  inserted  into  the  plasma.    A  time  of  13  s  was  required  to  insert  the 

probe.   Elements  volatilizing  in  less  than  13  s  appear  on  a  changing  background.146  This 

changing  background  was  a  result  of  the  effect  of  the  probe  on  the  plasma.129  In  TV- 

CMP-OES  the  background  level  did  increase  upon  initiation  of  the  atomization  step. 

However,  changes  in  the  background  are  insignificant  during  the  atomization  cycle,  as 

shown  in  Figure  4-3.  The  background  level,  immediately  before  and  after  the  Si  signal, 

is  approximately  equal,  in  contrast  to  DSI-ICP-OES. 
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Effect  of  Ashing  Time 

The  ashing  time,  is  the  time  the  plasma  has  to  desolvate  the  sample  and  convert 
the  analyte  to  particles.  In  this  step,  the  organic  matrix  is  converted  to  H20,  C02,  CO 
and  carbonaceous  material.  Volatile  inorganic  compounds  may  also  be  removed.  The 
ashing  time  is  the  difference  in  time  when  the  plasma  is  started  and  the  time  when  the 
power  is  increased  to  start  the  atomization  step.  Figure  4-4  gives  the  results  for  the  Si 
signal  as  the  ashing  time  is  varied  from  5  s  to  90  s.  The  steps  involving  plasma  initiation 
and  power  manipulation  is  performed  manually  and  could  not  be  done  faster  than  5  s. 
Results  for  times  between  5  s  and  20  s  are  very  similar.  After  20  s,  the  signal  decreased 
with  little  Si  emission  observed  after  90  s. 

Effect  of  Ashing  Power 

The  microwave  power  level  at  which  the  ashing  step  is  performed  is  studied.  The 
lowest  power  level  the  cylindrical  He -CMP  could  be  sustained  is  135  W.  Figure  4-5 
show  the  optimum  power  level  is  135  W.  Higher  power  levels  decrease  the  Si  signal. 
The  results  are  obtained  using  an  ashing  time  of  10  s,  other  ashing  times  (5  s  and  20  s) 
gave  similar  results.  Results  of  ashing  time  and  power  studies  show  Si  is  being  lost 
during  the  process  or  is  converted  into  a  species  that  is  not  atomized  or  excited.  The 
determination  of  Si  has  been  performed  by  graphite  furnace  atomic  absorption 
spectrometry  (GFAAS).8U57J58  Freeh  et  al.158  studied  the  determination  of  Si,  both 
theoretically  and  experimentally,  by  GFAAS.  It  was  reported  that  Si  was  lost  as  SiO(g), 
based  on  equilibrium  calculations  and  the  experimental  results  showing  Si  absorbance 
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decreased  when  the  ashing  temperature  was  above  1600  K.158    At  temperatures  above 

1900  K,   Si   reacted  with  the  carbon  of  the  graphite  tube  to  form  silicon  carbide, 

SiC.157,158  The  temperature  of  our  electrode  cup,  at  power  levels  greater  than  135  W  or 

ashing  times  greater  than  20  s,  must  be  high  enough  to  form  SiO(g)  and/or  SiC.    This 

would  explain  the  results  observed  in  Figures  4-4  and  4-5. 

The  effect  of  having  no  ashing  step,  to  minimize  the  loss  of  Si  due  to  formation 

of  SiO(g)  or  SiC,  is  also  investigated.   After  addition  of  the  sample,  the  plasma  is  started 

with  the  microwave  power  set  to  the  atomization  power.    Silicon  signals  were  usually 

greater  than  those  obtained  with  the  ashing  step.     Precision  is  very  poor,  with  RSD 

values  around  30-50%;  plasma  stability  is  the  problem.    Since  the  organic  solvent  is 

present,  the  plasma  initially  flickers  and  forms  on  the  side  of  the  electrode  cup.    Being 

on  the  side  of  the  electrode,  the  plasma  constantly  wanders  around  the  rim  of  the  cup. 

After  the  organic  solvent  is  removed,  the  plasma  centers  on  the  electrode  cup  and 

becomes  stable.    Because  of  the  stability  problem  and  the  poor  RSD,  an  ashing  step 

should  always  be  performed. 

Effect  of  Atomization  Power 

In  the  research  involving  pneumatic  nebulization  into  the  cylindrical  He -CMP, 
an  optimum  S/N  is  observed  in  the  region  of  700-  1000  W.  Power  levels  above  1000 
W  decreased  the  S/N.  The  effect  of  atomization  power  on  the  signal  and  S/N  is 
investigated  for  sample  introduction  by  TV.  Results  are  presented  in  Figures  4-6  and 
4-7.    Atomization  power  levels  between  525  W  and  1050  W  show  an  increasing  signal 
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and  S/N  with  increasing  power.    Microwave  power  levels  of  1 140  W  and  1225  W  were 

also  investigated  but  gave  high  Si  signals  for  blank  solutions.  The  signals  at  these  levels 

are  irreproducible;  therefore,  the  points  are  omitted.  The  high  background  level  is  not 

due  to  Si  contamination  in  the  blank,  but  is  due  to  Si  emission  from  the  graphite 

electrode  that  holds  the  electrode  cup.     As  the  power  level  is  increased,  the  plasma 

increases  in  diameter  and  length.    Levels  above  1100  W  produced  a  plasma  that  is  not 

only  formed  on  the  top  of  the  electrode  cup  but  extended  down  the  sides  to  the  graphite 

electrode.   Silicon  is  an  impurity  in  the  ultrapure  graphite  used  to  fabricate  the  electrode. 

In  the  future,  it  would  be  beneficial  to  have  the  electrode  cup  and  holder 

fabricated  from  one  piece  of  metal.  This  would  decrease  Si  emission  from  the  electrode, 

allowing  higher  power  levels  to  be  attained.   During  the  atomization  step,  increasing  the 

heating   rate  will   generally   give  better  peak -height  sensitivity.156     Increasing  the 

maximum  power  heating  rate  would  increase  the  maximum  transient  atom  concentration 

and  increase  the  vapor  phase  temperature  during  the  lifetime  of  that  atom  population.159 

Electrode  Cup  Materials 

Initially,  graphite  cups  were  used  in  the  TV  studies.  Graphite  cups  are  cheap  and 
easily  fabricated.  Problems  with  graphite  cups  include  memory  effects,  due  to  the 
porosity  of  the  cup,  and  the  fact  that  replacement  is  required  after  30-40  firings,  due 
to  plasma  etching.65  Researchers  have  coated  graphite  cups  and  tubes  with  tantalum  or 
niobium  to  decrease  the  memory  effects  and  prevent  the  formation  of  metal  carbide 
compounds.65'150'160 
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The  use  of  graphite  cups  is  investigated  for  the  determination  of  Si  in  organic 

solution.  Results  with  a  graphite  cup  show  Si  emission  is  observed  for  a  long  time, 
greater  than  10  s,  after  the  start  of  the  atomization  step.  This  is  a  result  of  the  memory 
effects  caused  by  the  porosity  of  the  cup.  Treatment  of  the  cup  with  Ta  and  Nb 
produced  a  greater  Si  signal  than  with  the  untreated  cups.  Memory  effects  decreased, 
as  indicated  by  Si  emission  returning  to  the  background  level  after  2  s.  Emission  due 
to  Ta  and  Nb  is  observed,  which  was  also  reported  by  Ali  et  al.65  for  their  Ta  coated 
graphite  cups.  Frequent  replacement  of  the  cups,  30  firings,  is  still  necessary.  Addition 
of  the  Ta  and  Nb  is  needed  after  5-  10  firings,  due  to  removal  of  the  metal  by  plasma 
etching.  Cups  fabricated  from  titanium  and  tungsten  were  therefore  investigated  to 
improve  the  lifetime  of  the  cup  and  decrease  the  memory  effects. 

Titanium  cups  give  an  improved  Si  emission  temporal  profile,  signal  versus  time, 
when  compared  to  the  graphite  cups.  The  Si  transient  peak  had  a  greater  peak  signal 
intensity  and  narrower  temporal  profile  with  the  titanium  cup,  than  with  the  graphite  cup. 
The  longer  time  profile  with  graphite  is  due  to  porosity.  Using  Ti,  the  Si  signal  returned 
to  the  background  level  in  less  than  2  s,  as  shown  in  Figure  4-3.  Lifetimes  of  the  Ti 
cups  are  20-30  firings.  The  plasma  etched  the  rim  of  the  cup,  producing  a  sharp  edge. 
This  sharp  edge  caused  the  filament  plasma  to  form.  In  addition,  power  levels  above  500 
W  caused  the  Ti  to  melt. 

A  cup  fabricated  from  tungsten  (W)  is  also  investigated  for  TV-CMP-OES. 
The  W  cup  gives  similar  results  to  the  Ti  cup.  In  comparison  to  the  graphite  cup,  the 
W  cup  has  decreased  memory  effects  and  an  improved  Si  emission  temporal  profile.    A 
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maximum  Si  signal  is  obtained  in  1  s  with  the  signal  decreasing  to  the  background  level 

during  the  next  1  s  time  interval.   No  visible  deterioration  in  the  W  cup  is  observed  after 

300  firings,  while  operating  at  power  levels  of  800-  1000  W.    A  disadvantage  of  the  W 

cup  includes  the  high  initial  cost  ($200),  but  the  cup  has  the  potential  to  last  indefinitely. 

Karanassios     et    al.146    studied     the    effect    of    different    probe    compositions    in 

DSI-ICP-OES.    The  probe  is  very  similar  in  construction  to  the  CMP  electrode  cup 

system  shown  in  Figure  2-2B.    Probes  were  comprised  of  W,  Ta,  and  graphite  cups, 

held  in  a  graphite  electrode.   Signals  obtained  for  Cd  and  Cu  were  enhanced  by  a  factor 

of  three  using  the  metal  cups,  compared  to  graphite.     In  the  case  of  Ni  and  Cr,  an 

improvement  factor  of  2-4  was  observed  with  the  W  cup,  but  the  signals  with  the  Ta 

cup  were  inferior  to  those  of  the  graphite  cup.    Karanassios  et  al.146  suggested  that  the 

Ta  may  be  forming  intennetallic  compounds  with  the  Ni  and  Cr. 

Matrix  Modifiers 

Chemical  modifiers  are  recommended  for  GFAAS.81  One  reason  modifiers  are 
added  to  the  sample  is  to  increase  the  sensitivity.81  Researchers  have  used  Pd81  and 
Ca161,162  for  the  determination  of  Si.  In  our  research,  the  effect  of  the  addition  of  Mg, 
Pd,  and  trichloroethylene  on  Si  emission  is  investigated.  Figure  4-8  gives  the  effect  of 
Mg  on  the  Si  signal.  The  addition  of  20  jug  of  Mg  to  the  electrode  cup  increased  the 
signal  200%.  Problems  encountered  with  adding  Mg  included  the  increase  in  the  RSD 
of  the  signal  and  an  increase  in  the  background  noise  level.  Signal -to -noise  ratio 
measurements  did  not  improve  with  Mg  addition.    In  GFAAS,  the  addition  of  1  ^g  of 
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Pd  increased  the  Si  signal  over  five  times. SI     This  is  a  small  amount  of  modifier 

compared  to  the  amount  of  Mg  added  in  our  research.    It  must  be  considered  that  in 

GFAAS,  the  modifier  is  placed  in  a  minute  spot  on  the  graphite  tube.  With  TV-CMP- 

OES,  the  modifier  covers  the  inside  of  the  cup,  which  has  a  depth  of  4  mm  and  a 

diameter  of  3  mm.    The  modifer  in  TV-CMP-OES  is  then  spaced  over  a  larger  area 

than  in  GFAAS.    Palladium  modifier  was  also  investigated  and  produced  similar  results 

to  the  Mg. 

Previous  researchers   have  utilized  a  halogenating  atmosphere  in  GFAAS  to 

improve  the  analysis  of  carbide  forming  elements.151152  Kantor  and  Zaray152  introduced 

vapors  of  carbon  tetrachloride  and  dichlorodifluoromethane  to  determine  Mo,  W  and  Zr. 

Our  research  included  the  addition  of  trichloroethylene  to  the  helium  plasma  gas.  Helium 

at  a  flow  rate  of  1  L  mirf '  is  passed  over  a  solution  of  trichloroethylene.    The  vapor  of 

trichloroethylene  is  added  to  the  helium  plasma  gas.     Upon  addition  of  the  chlorine 

compound,  the  plasma  turned  green  in  color.    This  is  due  to  C2  emission  and  will  be 

discussed  further  in  chapter  5.   Determination  of  Si  is  performed  as  discussed  previously. 

Results  indicated  the  Si  signal  increased,  but  problems  existed  with  reproducibility, 

increased  noise,  and  increased  background  levels.     The  addition  of  the  halogenating 

atmosphere  gave  similar  results  as  the  addition  of  the  Mg  modifier. 

Figures  of  Merit 

The  limit  of  detection  (LOD)  is  based  on  three  times  the  standard  deviation  of  the 
background,  3a.    Calibration  is  performed  with  MIBK  solutions  containing  0.5,  1  and 
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10  ^g  mL"1  of  Si.    A  blank  solution  is  also  measured.    The  sensitivity  of  TV -CMP - 

OES  in  the  analysis  of  Si  in  organic  solution  is  1380  counts  mL  fxg'1.    A  correlation 

coefficient  of  0.997  is  obtained.    The  LOD  is  0.03  f.ig  mL"1,  with  an  absolute  detection 

limit  of  900  pg.    An  absolute  detection  limit  is  found  by  multiplying  the  LOD  by  the 

sample  volume.   Relative  standard  deviations  of  the  signal  are  5-  18%.   Linear  dynamic 

range  extended  for  three  orders  of  magnitude.  GFAAS  gives  an  LOD  of  0.001  fxg  mL"1, 

absolute  analysis  of  40  pg,  for  Si  in  organic  solvents.81   Graphite  furnace  with  detection 

by  optical  emission  spectrometry  (GF-OES)  produces  an  LOD  of  0.09  jug  mL"1, 

absolute  analysis  of  2000  pg,  for  Si  in  aqueous  solution.159  The  analysis  of  aqueous  Si 

has  been  performed  using  ETV-ICP-OES  and  gave  an  LOD  of  0.05  /xg  mL"1,  absolute 

analysis  of  500  pg.136     Thermal   vaporization  techniques  have  RSD  values  of  5- 

10%. 135,136'159  Reproducibility  in  TV  is  poorer  than  for  the  pneumatic  nebulization  of 

solutions.   Values  for  the  LODs  are  very  similar  using  TV -CMP -OES,  GF-OES,  and 

ETV-ICP-OES.    Fuchs-Pohl  ct  al.,81  using  GFAAS,  have  reported  the  lowest  LOD 

for  Si  at  1  ng  mL"1. 

Conclusion 

The  sample  introduction  technique  of  thermal  vaporization  is  used  for  the 
determination  of  silicon  in  organic  solution.  Parameters  optimized  included  ashing  time, 
ashing  power,  and  atomization  power.  A  maximum  signal  and  S/N  are  observed  at  7-9 
mm  above  the  electrode  cup.  This  is  2-7  mm  lower  in  the  plasma  than  is  observed 
using  the  sample  introduction  technique  of  pneumatic  nebulization.    Measurement  at  a 
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lower  optimum  height  is  due  to  the  plasma  not  having  to  desolvate  the  analyte  in  TV- 

CMP-OES.     Electrode  cups  are  fabricated  from  graphite,  titanium,  and  tungsten. 

Graphite  cups  produced  poor  results  due  to  memory  effects  and  the  formation  of  SiO(g) 

and  SiC.     Titanium  cups  showed  a  stronger  emission  signal  for  Si  and  a  decreased 

memory  effect,  but  needed  replacement  after  20  firings.  The  tungsten  cup  improved  the 

Si  signal's  intensity.   A  tungsten  cup  displayed  no  visible  deterioration  after  300  firings. 

Matrix  modifiers  such  as  Mg,  Pd,  and  trichloroethylene  produced  little  improvement  in 

analyzing  for  Si.    The  LOD  obtained  for  Si  is  0.03  jj.°  mL'1  (900  pg),  which  is  similar 

to  the  LODs  reported  for  GF-OES  and  ETV-ICP-OES. 


CHAPTER  5 
DIAGNOSTICS  IN  THE  CYLINDRICAL  CMP 


Introduction 

In  order  to  better  understand  plasmas,  parameters  such  as  electron  number 
density,  temperature,  specific  heat,  viscosity,  and  conductivity  may  be  determined.163 
Temperature  assessments  are  of  interest  as  they  provide  information  on  fundamental 
gas -kinetic  interactions  and  energy  transfer  events  occurring  in  the  plasma.163  When 
analyzing  the  plasma,  the  analytical  technique  should  not  interfere  with  the  plasma. 
Spectroscopic  techniques  are  preferred  for  diagnosis  since  they  do  not  perturb  the  plasma. 
Absorption  and  emission  spectroscopy  can  give  data  on  the  species  forming  the  plasma 
and  temperature  measurements.  The  line  shape  from  spectroscopic  measurements  give 
information  on  the  electron  density.  Several  references  discuss  the  theory  of  plasma 
diagnostics  in  greater  detail. 163_  l67  Previous  researchers  have  determined  temperatures 
and  electron  number  densities  in  the  spherical  He -CMP64'67'69  and  Ar-CMP.168  This 
chapter  deals  with  the  diagnostics  of  the  cylindrical  He -CMP.  Parameters  determined 
here  are  electronic  excitation  temperature  (Texc),  rotational  temperature  (Trot), 
ionization -recombination  temperature  (Tion),  and  electron  number  density  (nc).  The 
effect  of  aqueous  and  organic  solutions  upon  Tcxc,  Trot,  and  ne  is  also  determined.    The 
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background  spectra  with  aqueous  and  organic  solution  nebulization  are  also  presented. 

Limits  of  detection  (LODs)  for  several  elements  in  aqueous  solution  are  measured. 

Electronic  Excitation  Temperature,  Texc 

If  a  system  is  in  local  thermodynamic  equilibrium  (LTE),  at  a  temperature  T  ,  the 
population  density  of  atomic  or  ionic  level  p  will  follow  a  Boltzmann  distribution. 169,,7° 
Tcxc  describes  the  excitation  equilibrium  between  excited  states.171  A  common  method 
used  to  determine  Texc  is  the  Boltzmann  plot  or  slope  technique.164,166,172'173  In  this 
technique  the  intensity  (I)  of  a  spectral  line  is  related  to  the  excitation  energy  (F^)  for  that 
line.    The  intensity,  usually  in  units  of  W  cm"2  sr"1,  may  be  expressed  as 

,         »  "    i  (1) 

4    7T 

where  h  is  Plank's  constant  (J  s),  v  =  frequency  (Hz)  of  emitted  electromagnetic 
radiation,  Ak  is  the  Einstein  transition  probability  (s1)  for  spontaneous  emission,  and  nk 
is  the  population  density  (atoms  cm"3)  of  the  excited  atomic  state  k.  Using  Boltzmann 
distribution,  the  value  of  nk  becomes 


nk  =  n0  gk  ([/(7))"1  exp 


kBT 


(2) 


Here  U(T)  is  the  partition  function  (dimensionless),  n0  is  the  total  number  density  (cm"3) 
of  the  atoms  (or  ions)  under  examination,  gk  is  the  statistical  weight  (dimensionless)  of 
the  atomic  state  such  that  g  =  2J  +  1  (where  J  is  the  total  angular  momentum  quantum 
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number),  Ek  is  the  excitation  energy  (cm1),  kB  is  the  Boltzmann  constant  (cm"1  K"1),  and 

T  is  the  temperature  (K). 

By  combining  the  above  two  equations,  the  intensity  of  the  line  is 


h  = 


h  v 


4tt  U(T) 


8k  Ak  "o  exP 


kBT 


(3) 


The  equation  is  rearranged  to  give  all  the  quantities  which  deal  with  the  excited  state  k, 
except  the  excitation  energy,  on  one  side  of  the  equation.  The  frequency,  v,  is  also 
replaced  by  c/X,  where  X  is  the  wavelength  and  c  is  the  speed  of  light  (m  s"1). 


h  \      h  c  nc 


gk  /I,    4tt  U(T) 


exp 


kBT 


(4) 


C  exp 


kBT 


(5) 


The  value  C  is  a  constant  for  all  lines,  within  a  species,  at  a  given  temperature. 
Conversion  to  logarithms  yields 


/,  X,           0.43£, 
log  J— 1   =   - -   +  log  C 


8k  *> 


kBT 


(6) 


In    this    formula,    Ak   can    be    replaced    by    the   oscillator   strength    (fk),    which    is 
dimensionless,  using  the  following  relationship: 


8k  Ak  = 


C'gtA 


k  J  k 


\2 


(7) 
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where  C  is  a  constant  which  equals  6.67  x  1015  if  X  is  in  angstroms  or  6.67  x  1013  if  X 

is  in  nanometers.83   The  final  equation  is 

/  X3  0A3Et 

log  UL  =  log  K'  -  _— i  (8) 

8k  fk  kB  T 

where  K'  is  a  constant  and  Ek  is  the  energy  level  (cm1)  of  the  spectral  line  measured. 
A  plot  of  log  (IX3/g/")  or  log  (IX/gA)  versus  Ek,  for  several  spectral  lines,  will  give  a 
slope  of  -0.43/kBTcxc.  A  value  of  0.696  cm"1  K"1  is  used  for  kB.  This  allows  calculation 
of  the  electronic  excitation  temperature. 

It  is  useful  to  use  a  large  range  of  excitation  energies,  which  increases  the 
accuracy  of  the  temperature  determination.166  However,  the  main  error  in  the  Tcxc 
measurement  is  caused  by  the  inaccuracy  of  the  transition  probabilities  (A  values).'65 
Several  different  thermometric  species  such  as  Ar,174  CI,175  and  Ti176  have  been  used  to 
calculate  Texc.  One  element  generally  used  is  iron,  since  it  has  a  sizable  quantity  of  lines 
and  exceptionally  accurate  transition  probabilities,  i.e.  with  uncertainties  smaller  than 
+  10%.172  Selection  of  spectral  lines  should  be  based  on  the  following 
considerations.165,177 

(1)  Intensities  as  similar  as  possible. 

(2)  Wavelengths  as  close  as  possible. 

(3)  Largest  possible  difference  in  upper  energy  levels,  to  produce  good 
sensitivity  to  changes  in  temperature  and  better  accuracy. 

(4)  The  lower  of  the  two  energy  levels  as  high  as  possible  above  the  ground 
state  to  minimize  self- absorption. 


(5) 

(6) 
(7) 


Lines      whose      wavelengths      and      intensities 
optimum  range  of  the  detector. 

Reliable  transition  probabilities  must  be  available.178,179 
No  significant  spectral  overlaps  of  the  lines.180 
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lie      within 


Rotational  Temperature.  Trol 

Determination  of  rotational  temperature  (Trot)  is  important  since  it  is  assumed  to  be 
of  the  same  magnitude  as  the  gas -kinetic  temperature.181  This  assumption  is  made 
because  of  the  low  energies  involved  in  the  rotational  processes  and  the  rapid  exchange 
between  rotational  and  kinetic  energy  in  the  molecule.181  Tr0I  may  be  determined  using 
the  intensity  of  bands  due  to  diatomic  molecules.  Molecules  which  have  been  used  to 
determine  Trol  are  the  ion  of  N,  (N2+),69J63'174  OH,68-163'174'182C2,183  and  CN.184 

N^.  The  spectrum  o\~  the  N2  +  band  consists  of  two  branches,  R  and  P.166  Line 
intensities  may  be  written  as  follows  for  the  R  and  P  branches,  respectively:164,185 


jr  =  -^(A'"+l 


Qr 


-B(K~+\)(K"+2) 


h  c 
kB  T 


(9) 


'r  = 


Cu4 

Qr 


K"  exp 


-BK'\K"-\) 


h  c 


(10) 
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where   C   is  a  constant   (\V   cm"2   sr1    Hz"4),   Qr   is  the   internal   partition   function 

(dimensionless),  v  is  the  frequency  (Hz),  B  is  a  rotational  constant  (cm"1),  K~  is  the 

quantum  number  (dimensionless)  of  the  lower  state,  h  is  Plank's  constant  (J  s),  c  is  the 

speed  of  light  (cm  s"1),  kB  is  the  Boltzmann  constant  (J  K~'),  and  T  is  the  temperature 

(K).    The  value  of  Trnt  is  determined  by  plotting  In  (aI/(K'+K~  +  l)  versus  K'(K~  +  1) 

where  K'=K"  +  1  for  the  R  branch  and  K'  =  K"-1  for  the  P  branch.    A  multiplicative 

factor,  o>,  must  be  considered  because  of  the  even -odd  alternation.186   Line  intensities 

with  odd  K"  have  a  =  2,  while  even  K"  has  a  =  l.1S6  The  internal  partition  function  (Qr) 

is  replaced  by  kBT//7cB.164   The  value  of  the  slope  is135 


-B  h  c        -2.983  (U) 


kB  T  T 

Assignments  of  the  rotational  lines  as  a  function  of  K~  are  from  the  work  of  Childs187 
and  Coster  and  Brons.'ss 

OH.  Similarly,  the  molecular  bands  due  to  OH  may  be  used  to  determine  Trot.  The 
Q,  branch  of  the  (0,0)  transition  in  the  region  of  307-310  nm  is  commonly 
used.24,67'163,174,182,189  An  example  of  the  OH  spectrum  may  be  found  in  other 
sources.67, I74  The  emission  intensity  due  to  a  transition  from  state  J  to  J'  is  given  by:190 

1  -  C,  nj  Ajy  ft  V]].  (12) 

where  C,  is  a  constant  which  includes  instrumental  parameters,  Ajj -  is  the  transition 
probability  (s"1),  and  i>u-  is  the  frequency  (Hz)  of  the  transition.  The  total  number  of 
molecules  (n)  in  state  J  is  given  by 
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n  -E 

n.  =  —  (27+1)  exp  1  (13) 

7       Qr  kBT 

where  Qr  is  the  rotational  partition  function  (dimensionless),  and  Er  is  the  rotational 
energy  (J).  Er  is  defined  as  equal  to  Br  J  (J+  1)  h  c  where  Br  is  the  rotational  constant 
(cm"1)  for  the  upper  state.    If  equations  12  and  13  are  combined,  then: 

-F 

I  =  C,  A,,,  h  v  —  (27+ 1)  exp  i  (14) 

1     "  Q,  kBT 

If  the  log  of  this  equation  is  taken  while  letting  C2  =  C|/?,  the  result  is 

C,  n.  0.43£r 

log  /  =  log  _=_i  +  log  [Ajj.  v  (27+1)]  -  — — -r  (15) 

Substituting  v  =  c/X,  An  r(2J+l)  =  A,  and  C3  =  log  (C2n/Qr),  the  equation  reduces 
to 

IX  __        _  043B, 

The  values  of  log  (IX/A)  are  plotted  against  Er,  the  energies  of  the  upper  state.  Tro,  is 
then  determined  from  the  slope  of  the  line  (-2.303kBTro()"'. 

Electron  Number  Density.  nc 

The  free  electron  concentration,  or  electron  number  density,  nc,  is  important  because 
the  free  electron  is  one  of  the  most  likely  candidates  causing  analyte  excitation  and 
ionization. m  A  method  for  determining  nc  is  from  Stark  profiles  of  spectral  lines.  Stark 
broadening  of  spectral  lines  in  plasmas  comes  from  interaction  of  the  atomic  system  with 
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ions,  electrons,  or  molecules  with  a  permanent  dipole  moment.83    The  value  of  ne  is 

determined  by  measuring  the  full -width  at  half  maximum  (FWHM)  for  the  hydrogen 

Balmer  line,  H^,  and  relating  this  to  the  Stark  half- width  by  derivation  from  Stark 

broadening  theory.171172  The  Ufj  line  is  at  486.13  nm.   This  line  has  a  strong  emission 

intensity,  sufficiently  broadened,  and  for  ne  values  between  1014  and  1017  cm"3,  the 

variation  of  the  FWHM  with  temperature  is  minimal.191    The  Stark  method  does  not 

require  the  assumption  of  thermal  equilibrium  for  the  plasma.165   The  equation  used  to 

calculate  n„  is170'192 


AX1/2  =  (  2.5  xl(T9  A"3/:  cm'3  )  am  nf 


(17) 


where  the  Stark  half-width,  AX,^,  is  in  A,  and  a,A  is  the  fractional  intensity  half-width 
(dimensionless)  that  is  obtained  from  published  tables.193-195 

Ionization -Recombination  Temperature,  Tion 

The  ionization -recombination  temperature,  also  referred  to  as  "ionization 
temperature,"  has  no  physical  meaning  but  is  used  to  describe  the  ionization  equilibrium 
between  two  consecutive  ionization  states. 1<5<3  The  ratio  of  neutral  atoms  to  ions  is  given 
by  the  Saha  equation: 1701S1 


",  ne 


2-7T  me  kB  T 

3/2 

- 

2Z, 

exp 

Ei 

fr 

kBT 

(18) 


where  na  and  iij  are  the  concentrations  of  neutral  atoms  and  ions  (cm"3),  Za  and  Zj  are  the 
partition  functions  (dimensionless),  nc  is  the  electron  number  density  (cm"3),  mc  is  the 
mass  (g)  of  the  electron,  Ej  is  the  ionization  potential  (erg  =  g  cm2  s'2),  kB  is  the 
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Boltzmann  constant  (erg  K'1  =  g  cm2  s"2  K"'),  and  ft  is  Plank's  constant  (erg  s  =  g  cm2 

s"1).    Equations  3  and  18  may  be  combined  to  give: 


11  e  Vki  Ko  Ki) 
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ha  AU  N 


Pf 


'PI 


'.IT 


in ,  kD  T 
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3/2 


exp 


Et+Ek-Ep 
kBT 


(19) 


where  the  superscript  +  denotes  the  ion.  The  subscripts  p  and  k  denote  the  higher 
energy  levels,  while  q  and  1  represent  the  lower  energy  levels  of  the  atom  and  ion, 
respectively.    Rearrangement  gives: 


Jki         2gk  Aki  \w 


l?«  ne  Sp  Apa  K, 
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m .  kr,  T 


•e   ^B 


tr 


3/2 


exp 


(E,-Ek  -Ep) 
kB  T 


(20) 


The  Tion  value  is  calculated  from  the  ratio  of  the  spectral  line  intensities  of  the  ion  and 
atom. 

Experimental 


Instrumentation  for  diagnostic  measurements  is  described  in  chapter  1 .  A  photodiode 
array  detector  has  several  advantages  over  scanning  detector  systems: 1S0  1)  spatial 
profiles  are  measured  simultaneously  and  minimize  the  errors  in  relative  intensity 
measurements,  2)  spectra  are  obtained  rapidly,  and  3)  background  spectra  due  to  the 
plasma,  solvent,  and  electrode  may  be  easily  removed.  Unless  stated  otherwise,  the 
following  conditions  were  used.  The  entrance  slit  width  and  height  were  10  ^im  and  2 
mm,  respectively.    Emission  signals  were  integrated  for  330  ms.    Fifty  spectra  were 
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accumulated  for  each  scan.    Each  data  point  was  the  average  of  five  scans.    Error  bars 

represent  one  standard  deviation  based  on  the  5  scans.  Signals  were  measured  at  a  height 

of  5  mm  above  the  top  of  the  electrode.   The  plasma  was  produced  using  a  helium  flow 

rate  of  10  L  min"1,  hydrogen  flow  rate  of  150  cm3  min"1,  and  a  power  setting  of  700  W. 

The  nebulizer  was  operated  at  a  helium  flow  rate  of  300  cm3  min"1  and  a  solution  flow 

rate  of  1.2  mL  min"1.    Aqueous  Fe  standard  (1000  ^tg  mL"1)  was  obtained  from  SPEX 

Industries,  Inc.    Deionized  water  from  a  Barnstead  system  was  used.    The  organic  Fe 

standard  (5000  /xg  mL"1)  was  purchased  from  Conostan  Division  of  Conoco  Specialty 

Products,  Inc.    Kerosene  (Fisher  Scientific)  was  used  to  dilute  the  organic  Fe  standard 

to  the  desired  concentration. 

Electronic  Excitation  Temperature.  Texe 

Iron  was  used  as  the  thermometric  species  in  the  calculation  of  Texc.  Six  atomic  Fe 
lines  were  employed  and  monitored  in  second  order.  Values  for  gf  were  obtained  from 
references  [196-200].  These  references  are  believed  to  have  better  accuracy  than  the 
values  presented  by  Corliss  and  Bozman201  or  Allen  and  Asaad202.166  Table  5-1  gives 
the  wavelengths,  excitation  energies,  and  oscillator  strengths.  The  aqueous  Fe  spectrum, 
corrected  for  background,  was  similar  to  that  reported  by  Masamba  et  al.67  The  organic 
Fe  spectrum  was  obtained  after  subtracting  the  background.  This  was  performed  with 
the  software  operating  the  photodiode  array.  The  spectra  were  similar  to  those  obtained 
by  Blades  and  Caughlin.180  The  percent  relative  standard  deviation  (%RSD)  of  each 
point  on  the  Boltzmann  plot  was  below  1%,  based  on  the  average  of  5  data  points.    A 


Table  5-1:    Wavelengths,  excitation  energies,  and  oscillator  strengths  for  iron. 
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A  (nm) 

Ek  (cm"1) 

gf 

371.99 

26,875 

0.37 

373.71 

27,167 

0.27 

374.83 

27,560 

0.10 

374.95 

34,040 

1.5 

375.82 

34,329 

0.97 

376.38 

34,547 

0.61 
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least  squares  fitting  function  was  performed  on  the  points  to  determine  the  slope.    The 

correlation  coefficient  of  the  slope  was  above  0.99. 
Rotational  Temperature.  Trol 

Trot  was  determined  using  both  N2+  and  OH  molecules.  The  N2+  band  with  a 
bandhead  at  391.4  nm  was  used  to  determine  Trot.  N2  gas  was  added  to  the  plasma  at 
a  flow  rate  of  50  cm3  min"1.  At  this  flow  rate,  temperatures  should  not  be  affected.174,203 
Spectra  were  recorded  in  the  third  order.  Table  5 -2  gives  the  wavelengths,  K'+K'  +  l, 
and  K  '(K '  +  1 )  values  for  the  R  branch  lines  used  in  this  experiment.  The  N:+  spectrum 
was  similar  to  published  spectra  in  the  literature.163,166  Each  individual  point  had  a 
%RSD  less  than  2%  based  on  five  measurements.  A  least  squares  fitting  function  was 
performed  to  determine  the  slope  of  the  Boltzmann  plot.  Correlation  coefficients  for  the 
slopes  were  greater  than  0.99. 

The  Q,  branch  of  the  OH  radical  in  the  region  of  307-310  nm  was  used.  Five  lines 
(Q,2,  Q,4-Q,6,  and  Q,9)  at  308.00,  308.33,  308.52,  308.73,  and  309.53  were 
measured  in  the  fourth  order.  Line  assignments  were  from  Dieke  and  Crosswhite.204 
Transition  probability  (s1),  A,  and  excitation  energies  (cm1),  E^,  are  given  in  Table 
5-3.  A  value  of  0.695  cm'1  K"1  was  used  for  kB.  When  organic  solutions  were 
introduced,  OH  bands  were  too  weak  for  measurement.  The  problem  was  overcome  by 
adding  1  mL  of  water  and  2  drops  of  Triton-X-  100  (Fisher  Scientific)  to  100  mL  of 
kerosene.  The  volume  of  water  was  enough  to  observe  OH  emission  while  still  being 
able  to  observe  the  strong  C:  emission  from  kerosene.    The  spectrum  of  the  OH  band 


Table  5-2:    Values  for  the  R  branch  of  N-,  + . 
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R 

X  (nm) 

K'+K'+l 

K'(K'  +  1) 

6 

390.49 

14 

56 

7 

390.40 

16 

72 

8 

390.29 

18 

90 

9 

390.19 

20 

110 

10 

390.08 

22 

132 

14 

389.97 

30 

240 

15 

389.47 

32 

272 

17 

389.19 

36 

342 

18 

389.04 

38 

380 

20 

388.74 

42 

462 

21 

388.58 

44 

506 

Table  5-3:    Excitation  energies  and  transition  probabilities  for  OH. 
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X  (nm) 

Ek  (cm"1) 

A  (10s  s"1)  166 

308.00 

32,543 

17.0 

308.33 

32,779 

33.7 

308.52 

32,948 

42.2 

308.73 

33,150 

50.6 

309.53 

33,952 

75.8 
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was  similar  to  that  recently  published.67'182  The  %RSD  for  each  point  on  the  plot  was 

below  5%.  A  least  squares  fitting  function  was  performed  to  calculate  the  slope  of  the 
Boltzmann  plot.    Correlation  coefficients  for  the  slope  were  greater  than  0.97. 

Electron  Number  Density.  nt. 

The  hydrogen  Balmer  line,  U(j,  at  486.1  nm  was  monitored  in  the  second  order.  The 
FWHM  was  obtained  by  plotting  the  spectral  line  and  measuring  the  width,  in  mm,  at 
half-height.  The  width,  mm,  was  multiplied  by  the  number  of  diodes  per  mm  on  the 
plot.  Each  diode  corresponds  to  0.099  A.  The  FWHM  equals  the  Stark  half-width, 
AX,^.  The  Saha  equation  is  used  to  calculate  ne.  A  value  of  0.076  for  a,A  was  obtained 
from  Griem.l9:! 

Ionization  -  Recombination  Temperature. Tion 

Tion  calculations  were  based  on  the  Saha  equation  as  discussed  in  the  introduction 
to  the  chapter.  Transition  probabilities  were  obtained  from  Wiese  et  al.205  Partition 
function  data  were  from  Drawin  and  Felenbok.206  Cadmium  and  magnesium  were  the 
thermometric  species.  Atom  and  ion  lines  used  were  228.8  nm  and  226.5  nm  for 
cadmium  and  285.2  nm  and  279.6  nm  for  magnesium.  The  atom  and  ion  lines  were 
chosen  based  on  the  availability  of  accurate  transition  probabilities  and  similarity  of 
excitation  energy.20  The  lines  were  measured  simultaneously  using  the  photodiode  array 
detector.  The  temperature  was  based  on  the  average  of  five  measurements.  The  %RSD 
was  less  than  1  %. 
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Background  Spectra 

The  background  spectrum  for  the  cylindrical  plasma  was  measured  while  nebulizing 
either  aqueous  or  organic  solution.  Spectra  were  obtained  with  a  1  m  focal  length 
spectrometer  previously  described  in  chapter  1.  The  entrance  slit  height  and  width  were 
4  mm  and  100  jum,  respectively,  for  this  experiment.  The  exit  slit  width  was  100  fim. 
A  R928  photomultiplier  tube  (Hamamatsu  Photonics,  Japan)  was  used  (-900  V)  followed 
by  a  current -to -voltage  converter  and  an  analog -to -digital  converter.  Data  points 
were  obtained  at  a  rate  of  10  Hz.  A  total  of  9200  data  points  were  acquired  while  the 
monochromator  was  scanned  from  200  nm  to  700  nm.  The  second  order  was  eliminated 
using  a  filter  (Corning  0-52,  longpass,  sharp  cut,  with  50%T  at  340  nm),  inserted  when 
the  spectrometer  was  above  400  nm. 

Limits  of  Detection,  LODs 

Limits  of  detection  were  determined  based  on  the  standard  deviation  (3a)  of  1 1 
measurements  of  the  blank.  Blank  measurements  were  made  at  the  same  wavelength  as 
the  element  of  interest.  Standards  were  prepared  by  diluting  1000  /j-g/mh  commercial 
atomic  absorption  standards.  Three  or  more  standards  were  used  to  make  each 
calibration  curve.  Experimental  conditions  were  as  described  previously  forTexc,  except 
a  power  level  of  1000  W  was  used. 
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Results  and  Discussion 

Electronic  Excitation  Temperature,  Te,c 

The  electronic  excitation  temperature,  Tcxc,  was  determined  with  aqueous  and 
organic  solutions  being  nebulized  into  the  cylindrical  plasma.  Aqueous  and  organic 
solutions  were  introduced  at  How  rates  up  to  3  mL  min"1  without  extinguishing  the 
plasma.  The  average  of  5  results,  along  with  the  standard  deviations,  are  tabulated  in 
Table  5-4.  Figure  5  -  1  gives  a  representative  Boltzmann  plot  for  iron.  The  values  for 
both  aqueous  (3430  K)  and  organic  (3450  K)  solutions  are  not  statistically  different. 
These  values  are  slightly  lower  than  results  using  similar  CMPs.  Masamba  et  al.67  used 
the  spherical  plasma,  operated  at  700  W  and  6  L  min"1  helium,  and  found  Texc  on  the 
order  of  4500  K  at  a  height  of  5  mm  above  the  electrode.  The  electrode  was  fabricated 
from  graphite.  Ali  and  Winefordner69  reported  a  Texc  value  of  4500  K  for  a  He -CMP 
generated  with  a  flow  rate  of  4  L  min"1,  a  power  level  of  100  W,  and  a  tungsten  filament 
electrode  with  a  diameter  of  0.25  mm.  Ali  and  Winefordner69  found  Texc  is  nearly 
constant  with  increasing  He  gas  flow  rate  in  the  region  from  3-8  L  min"1.  Both  of  the 
above  studies  used  Fe  as  the  thermometric  species.67,69 

Fallgatter  et  al.168,190  studied  Texc  in  an  Ar-CMP.  The  experimental  conditions 
included  100  W  with  an  Ar  flow  rate  of  1.2  mL  min"1.  This  plasma  was  produced  inside 
a  quartz  cell  that  was  12  cm  long  with  a  9  mm  i.d.  The  bottom  of  the  cell  was  tapered 
to  2.3  mm  i.d..  A  copper  electrode  was  placed  in  the  bottom  of  the  cell  with  a  copper 
wire  extending  2  cm  higher  into  the  cell.   The  copper  wire  served  to  anchor  the  plasma. 
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Table  5-4:    Temperatures  in  the  cylindrical  He -CMP. 


Tcxc  (K) 

Trot  (K) 

OH 

N2  + 

No  Solution 

— 

— 

2350  ±  52 

Aqueous 

3430  ±  46 

1620  ±  56 

1900  ±  77 

Organic 

3450  ±  54 

1660  ±  20 

1930  ±  10 
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The  argon  plasma  produced  in  this  system  was  approximately  6  cm  long  and  0.5  mm  in 

diameter.    Dry  aerosol  was  produced  using  a  heated  spray  chamber  and  condenser.    A 

difficulty  encountered  was  the  movement  of  the  plasma  around  the  inside  of  the  cell. 

The  values  of  Tcxc,  reported  using  the  emission  slope  plot  for  several  Ar  lines,  were  6280 

K  and  4980  K,  with  and  without  water  nebulization,  respectively.   If  Texc  was  calculated 

using  the  absolute  radiance  of  the  425.94  nm  Ar  line,  values  of  8520  K  and  7990  K  were 

determined  with  and  without  water  nebulization,  respectively. 

Our  values  may  also  be  compared  to  those  reported  for  MIPs  and  ICPs.  Abdallah 
and  Merrnet'74  compared  Tcxc  values  in  an  ICP  and  MIP  using  both  He  and  Ar. 
Temperatures  were  4500  K  and  4420  K  in  the  MIP  and  4100  K  and  4800  K  in  the  ICP 
for  He  and  Ar,  respectively.  In  the  above  work,  experimental  conditions  for  the 
Ar-ICP  were  40  MHz,  1600  W,  and  12  L  min"1  while  the  He-ICP  operated  at  50 
MHz,  600  W,  and  0.5  L  min"1.  The  MIP,  using  either  Ar  or  He,  was  operated  at  2450 
MHz,  130  W,  and  0. 1  -0.5  I.  min"1.  Iron  lines  with  excitation  energies,  Ek,  in  the  range 
of  27,560-34,547  cm"1  were  used  to  calculate  Texc.  Blades  and  Caughlin180  reported 
Texc  of  5800  K  in  an  Ar-ICP  when  using  1.25  kW  of  power.  Iron  lines  with  E^. 
between  26,875  and  34,692  cm  '  were  employed.  Alder  et  al.207  used  a  1.2  kW  Ar-ICP 
with  an  observation  height  of  10-30  mm  and  reported  Tcxc  values  between  6900  and 
8500  K. 

In  He-ICPs,  the  value  of  Tcxc  ranges  from  3600  K  to  4200  K.25-175  A  Tcxc  value 
of  3800  K  was  found  using  experimental  values  of  27  MHz,  1.5  kW,  carrier  gas  flow 
rate  of  1.0  L  min  ',  plasma  gas  How  rate  of  7  L  min"1,  at  a  height  of  25  mm.175   If  the 
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frequency  was  6.8  MHz  or  40  MHz,  values  of  3600  K  were  obtained.175    Chan  and 

Montaser25  studied  a  He-ICP  and  found  Tcxc  of  4200  K  with  parameters  of  1.0  kW,  27 
MHz,  carrier  and  plasma  gas  How  rates  of  1.8  and  55  L  min"1,  respectively,  and  an 
observation  height  of  5  mm.  These  results  show  consistent  Texc  results  with  different 
frequencies  (6.8,  27,  40  MHz)  and  gas  flow  rates.  Tanabe  et  al.24  studied  MIPs  operated 
with  He  and  Ar.  Power  and  plasma  gas  flow  rates  were  75  W  and  0.5  L  min"1, 
respectively.  A  value  of  3400  K  was  obtained  in  the  He-MIP  using  He  as  the 
thermometric  species.  In  the  Ar-MIP,  a  Tcxc  of  4500  K  was  observed  with  Ar  as  the 
thermometric  species. 

Experimental  conditions  affect  the  results  for  Toxc.  Capelle  et  al.208  studied  Texc  as 
a  function  of  the  generator  frequency.  Measurements  were  made  at  5,  27,  40,  50,  and 
56  MHz.  The  power  levels  were  between  1.1  and  1.5  kW,  except  for  the  5  MHz  which 
required  5  kW  to  sustain  the  plasma.  The  plasma  gas  flow  rates  were  =  13  L  min"1, 
with  the  exception  of  the  5  MHz  which  required  20  L  min"1.  The  thermometric  species 
was  iron.  The  gas  used  was  not  mentioned  but  was  probably  argon,  due  to  the  Ar-ICP 
being  the  most  popular  system.  Capelle  et  al.20S  reported  that  Tcxc  decreases  versus  the 
frequency,  starting  at  6600  K  and  decreasing  to  4000  K  for  the  5  MHz  and  56  MHz, 
respectively.  Blades  and  CaughlinIS0  plotted  power  versus  temperature  in  the  ICP.  They 
found  Texc  increases  linearly  with  rf  input  power  in  the  0.75-  1.75  KW  range. 

Texc  also  increases  with  the  excitation  energy  of  the  upper  level  transition.207  Alder 
et  al.207  used  20  Fe(I)  lines  and  found  three  distinct  Texc  values  in  an  Ar-ICP.  Texc  was 
calculated  from  the  slopes  of  3  groups  of  Fe  (I)  F^  levels:   26,875-34,692  cm"1,  33,695 
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-45,978  cm"1,  and  44,184-55,754  cm"1.   The  experimental  conditions  included  1.2kW 

power  and  a  plasma  gas  flow  rate  o\'  12.8  L  min"1.  The  observation  heights  investigated 
ranged  from  10  to  30  mm.  A  height  of  10  mm  gave  Texc  values  of  6920  K,  7190  K,  and 
8510  K  with  Fe  (I)  F^  levels  of  26875-34692  cm"1,  33695-45978  cm"1,  and  44184- 
55754  cm"1,  respectively.  All  of  the  Texc  values  indicated  an  increasing  trend  with  upper 
energy  level.  Alder  et  al.207  attributed  this  to  the  over -population  of  the  lower  Fe  (I) 
levels  at  higher  electron  temperatures.  This  is  due  to  radiative  decay  of  upper  levels 
down  to  the  lower  levels,  which  is  not  balanced  by  the  inverse  absorption  processes.207 
The  low  energy  lines,  26875-34692  cm"1,  were  not  recommended  for  Tcxc 
measurements.  The  high  Fe  (I)  lines,  44184-55754  cm"1,  were  recommended  for  Tcxc 
calculations  because  of  greater  linearity  in  the  Boltzmann  plots,  and  the  similarity  with 
the  ionization  temperatures. 

The  Ek  levels  used  in  the  research  for  this  dissertation  were  between  26,875  cm"1 
and  34,547  cm"1.  Similar  levels  were  used  by  others.67,69,163,174  These  levels  correspond 
to  the  low  levels  of  Alder  et  al.207  The  data  of  Alder  et  al.207  indicates  a  lack  of 
Boltzmann  equilibrium  within  the  excitation  manifold  of  atom  species.171  At  this  time, 
additional  work  is  needed  to  confirm  this  phenomenon.171 

In  comparing  results  between  CMP  and  ICP,  the  values  quoted  previously  for  the 
ICP  represent  conditions  usually  employed  in  analytical  applications.  The  conditions 
typically  used  for  elemental  analysis  in  the  ICP  include  frequency  generators  of  27  or  40 
MHz,  1.0-1 .5  kW  of  power,  and  10-15  mm  observation  height.  The  number  of  values 
reported  for  Tcxc  is  more  limited  for  MIPs  and  CMPs.    Values  quoted  above  for  MIPs 
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were  those  typically  quoted  by  other  researchers  and  appear  to  analytically  useful.    In 

general,  the  values  of  Texc  for  Ar-MIP,  He-MIP,  He-ICP  and  He-CMP  are  very 

similar.     The  Ar-CMP  and  Ar-ICP  typically  have  a  higher  Texc  value  than  other 

plasmas. 

It  is  interesting  to  note  that  the  introduction  of  aqueous  and  organic  solutions  gave 

similar  temperatures,  which  is  in  contradiction  to  previous  results  reported  in  the  MIP209 

and  ICP.180    Perkins  and  Long209  reported  a  decrease  of  500  K  in  a  MIP  when  going 

from  aqueous  (Texc=5600  K)  to  organic  solutions  (Tcxc  =  5100  K)  and  attributed  the 

reduction  to  the  absorption  of  energy  by  the  additional  molecular  species  (C2,  CN,  CO, 

etc).     Blades  and  Caughlin180  also  reported  a  decrease  of  1500  K  when  xylene  was 

introduced  into  the  ICP  when  compared  to  an  aqueous  solution.     This  decrease  was 

attributed  to  the  transfer  of  energy  to  the  C2  molecular  dissociation  equilibrium.180   In 

order  to  have  comparable  Texc  between  organic  and  aqueous  solutions,  the  ICP  requires 

an  additional  0.5  kW  of  power. 1S0  Also,  Boumans  and  Lux-Steiner154  reported  an  extra 

0.5  kW  was  needed  to  have  analyte  emission  intensities  in  organic  solutions  equal  to 

those  of  aqueous  solutions. 

Rotational  Temperature.  Tml 

Figures  5-2  and  5-3  give  representative  Boltzmann  plots  for  N2  +  and  OH, 
respectively.  From  Tabic  5-1,  it  is  seen  that  Trot  values  are  not  statistically  different 
between  aqueous  and  organic  solutions  using  either  the  OH  or  N2  +  molecule.  This  is 
similar  to  the  results  found  for  Tcxc.   There  is  a  difference  in  the  results  if  OH  and  N2  + 
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are  compared;  other  authors  have  noted  this  same  discrepancy.163,174  Previously,  there 

has  been  no  report  on  the  effect  of  organic  solutions  upon  Trot.   In  comparison  to  other 

results,  the  same  trends  occurred  as  described  for  Texc.    Our  results  are  slightly  lower 

than   those   of  Masamba   and    Winefordner68   (2000   K),    using    OH,    and    Ali   and 

Winefordner69  (2500  K)  using  N2+.  Fallgatter  et  al.168  using  the  OH  radical,  determined 

values  of  1440  K  without  water  nebulization  and  2440  K  with  water  nebulization  in  the 

Ar-CMP.  The  water  impurity  in  the  argon  gas  was  used  to  determine  Trot  without  water 

nebulization. 

Abdallah  and  Mermet174  studied  the  difference  between  the  P  and  R  branches  of  N2+ 
for  Trot  determination.  In  a  40  MHz  Ar-ICP,  results  were  similar  for  the  P  and  R 
branches.  However,  a  discrepancy  was  obtained  with  Ar-  or  He-MIPs.  The  two 
branches  gave  different  slopes,  resulting  in  different  Tro,  values.  Trot  was  reported  as 
3600  K  and  4250  K  for  the  P  and  R  branches,  respectively.  The  P  branch  was 
recommended  because  of  a  better  straight  line  fit  to  the  data.  Other  researchers69,163 
have  used  the  R  branch,  which  was  employed  in  this  research.  Marawi  et  al.203  used  the 
R  branch  because  it  had  the  largest  number  of  lines  with  the  lowest  interference. 

Abdallah  and  Mermet174  reported  values  of  2100  K  and  2030  K  using  N2  +  and  OH, 
respectively,  in  a  He-MIP.  When  argon  was  the  plasma  gas,  Trot  values  increased  to 
3600  and  2570  K  using  N2+  and  OH  as  the  thermometric  species.174  No  results  were 
reported  for  Trot  using  OH  in  the  Ar-ICP  or  N2+  in  the  He-ICP.  Tanabe  et  al.24  used 
OH  and  found  a  value  of  1 100  K  in  an  Ar-MIP  and  1300  K  in  a  He-MIP.  If  OH  is 
the  thermometric  species,  the  values  for  the  Ar-ICP  are  approximately  3000-4700 
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Kii9,2io  and  2400  K  for  the  He-ICP174.    If  N2  +  is  used,  the  range  for  the  Ar-ICP  is 

4500-5000  K174'185  and  1500-2500  K  for  the  He-ICP.175'211  Typically,  in  ICPs,  the 
values  for  Tcxc  and  Trot  are  lower  in  helium  than  with  argon.212'213 

Several  researchers  have  reported  that  Tro,  values  differ  depending  on  which 
molecule  is  used  for  Trot  determination.163174  A  comparison  of  Trot  in  a  MIP  was  made 
using  both  N2+  and  OH.163174  Workman  et  al.163  reported  a  more  accurate  temperature 
measurement  with  the  N2  +  band  at  391.4  nm  versus  the  OH  radical  band  at  306.4  nm. 
This  was  based  on  the  N2  +  exhibiting  more  usable  lines,  more  linear  Boltzmann  plots  for 
N2+,  increased  complexity  of  the  OH  band  structure,  and  an  inflection  in  the  slope  at 
band  Q,10  in  the  Boltzmann  plots  of  the  OH  radical.  Abdallah  and  Mermet174  reported 
a  difference  of  70  K  in  Tr0,  between  N2+  and  OH  in  the  He -MIP.  This  difference 
increased  to  340  K  and  1030  K  in  the  Ar  (10%  N2)-MIP  and  Ar-MIP,  respectively. 
No  explanation  was  given  for  this  discrepancy. 

Malawi  et  al.203  compared  N2+  with  optical  pyrometry  for  the  determination  of  Trot 
in  an  Ar-ICP.  In  optical  pyrometry,  a  pyrolytic  graphite  rod  (melting  point  of  3900  K) 
was  centered  at  a  height  of  15  mm  in  the  plasma.  The  temperature  is  obtained  by 
measuring  the  infrared  radiation,  at  two  wavelengths,  from  the  rod.  Using  Planck's 
radiation  law,  the  temperature  may  be  calculated.  A  more  detailed  explanation  may  be 
found  in  ref.  [214].  In  the  Ar-ICP,  a  power  level  of  0.75  kW  gave  Trot  values  of  1698 
K  and  1689  K  using  N2  +  and  optical  pyrometry,  respectively.  A  disparity  in  Trot  was 
observed  when  higher  power  levels  were  used.  Powers  between  0.75  and  2.0  kW,  at 
0.25  kW  increments,  were  studied.    As  the  power  increased,  Trot  values  using  optical 
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pyrometry  increased  from  1689  K  to  2183  K.    Using  N2  +  ,  Trot  decreased  from  1698  K 

to  1097  K  over  the  same  kW  range.    For  the  N2  +  studies,  the  R  branch  lines  with  K" 

between  5  and  13  were  compared  with  optical  pyrometry.    The  decrease  in  Trot  was 

explained  as  being  due  to  the  stretching  of  the  bond  between  the  nitrogen  atoms.    This 

stretching  would  increase  the  moment  of  inertia,  Ic,  and  decrease  the  rotational  constant, 

Bc,   because   Bc    =    h/Sir\c.      Trot  determined    from   the   Boltzmann   plot   is  directly 

proportional  to  the  rotational  constant.     These  results  are  in  contradiction  to  those 

reported  in  CMP69  and  MIP.182,215  Ali  and  Winefordner69  found  no  significant  variation 

in  Trot,  using  N2  +  ,   in  the  range  of  40-100  W  in  a  He-CMP.     Goode  et  al.215 

determined  Trot,  using  OH,  and  reported  comparable  values  between  25  and  120  W  for 

Ar-  and  He-MlPs.   Similar  results  were  reported  by  Workman  et  al.182  for  a  He-MIP 

using  OH. 

In  general,  the  values  reported  here  for  the  He-CMP  are  similar  to  those  of  the 

He-MIP,  He-ICP,  and  Ar-CMP,  while  being  lower  than  those  for  the  Ar-MIP  and 

Ar-ICP.    In  the  research  for  this  dissertation,  N2+  gave  more  linear  Boltzmann  plots 

and  a  greater  number  of  usable  lines. 

Electron  Number  Density,  nc 

The  results  for  nc  are  given  in  Table  5-5.  The  difference  between  aqueous  and 
organic  solutions  are  not  statistically  significant.  It  should  be  noted  that  the  values  for 
ne  with  aqueous  and  organic  solutions  are  approximately  20%  higher  compared  to  results 
with  no  solution.    An  increase  in  nc  was  also  reported  in  the  He-MIP,209  Ar-MIP,216 
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Table  5-5:    Electron  number  density  results  for  the  cylindrical  He -CMP. 


nc  (cm"3) 

No  Solution 

3.6X1014  ±  1.2X1013 

Aqueous 

4.4X1014  ±  2.1X1013 

Organic 

4.8xl014  ±  2.4X1013 
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and  Ar-ICP207  with  the  introduction  of  aqueous  solutions.    It  was  believed  to  occur  as 

a  result  of  the  ionization  of  hydrogen  and  oxygen  species  in  the  plasma.209  Fallgatter  et 

al.168  believed  that  nc  increased  with  water  addition  because  of  the  ionized  species  present 

from  water  decomposition.     They  found  that  lateral  measurements  of  ne  showed  a 

maximum  at  the  center  of  the  plasma,   where  the  OH  radiance  was  minimal.     In 

contradiction  to  our  results.  Blades  and  Caughlin180  reported  a  decrease  in  nc  from 

4xl015  cm"3  with   aqueous   solution   to  2.5  xlO15  cm"3  with  organic  solution  in  an 

Ar-ICP.     This  reduction  is  in  keeping  with  their  reduced  Texc  values  for  organic 

solutions.    They  believed  the  introduction  of  organic  vapor  into  the  ICP  caused  less 

energy  to  be  available  for  ionization  of  the  support  gas.  I8°  Our  results  (3.6  x  1014  cm"3) 

are  similar  to  those  reported  in  He  -  ICP  ( 1 .0  -  3.8  x  1014  cm"3), 175,217  Ar-  CMP  (3  x  1014 

cm"3),168  and  He-MIP  (5xl013  to   lxlO14  cm"3),24'216  while  being  lower  than  the 

Ar-MIP  (2.4X1015  cm3),216  and  Ar-ICP  (4xl015  cm"3).182 

Ionization -Recombination  Temperature,  Tinn 

The  values  determined  in  this  work  for  Tion  were  6220  +  22  K  and  5610  +  10  K, 
using  Cd  and  Mg,  respectively,  as  the  thermometric  species.  In  the  Ar-ICP,  Houk  and 
coworkers218  _22°  have  used  a  mass  spectrometer  to  determine  Tion.  In  these  experiments, 
singly  and  doubly  charged  ions  were  used  to  calculate  Tion  using  the  Saha  relationship. 
Values  of  Tion  were  typically  7400-9000  K  using  an  ICP  operated  at  27  MHz  and  1-1.2 
kW  with  a  mass  spectrometer  as  a  detector.218"  22°  Values  of  Tion,  calculated  from 
optical  emission  data,   were  6700-7400  K   using  a  40  MHz,    1.3  kW  ICP  at  an 
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observation  height  of  2  nim.iA    Nojiri  et  al.-1  used  a  27  MHz,   1.5  kW  ICP  at 


an 


observation  height  of  15  mm  and  reported  Tion  of  9000  K  and  7000  K  with  Ar  and  Ca, 
respectively.  Alder  et  al.207  calculated  Tion  values  using  Mg,  Ca,  Cd,  Zn,  Fe,  Ba,  and 
Ti  in  an  Ar-ICP.  A  power  level  of  1.2  kW  was  used  which  the  observation  height  was 
varied  from  10-30  mm.  Tion  values  between  5250  K  and  8440  K  were  reported.207  In 
He-MIP  systems,  Tion  values  were  6200  K  using  Cd  lines  at  150  W  of  power.209 
Tanabe  et  al.24  reported  9600  K  using  helium  as  the  thermometric  species  in  a  He-MIP 
with  75  W  of  power.  In  this  same  system,  Tion  was  7000  K  with  Ar  as  the  thermometric 
species  and  plasma  gas.  In  general,  it  appears  the  Ar-ICPs  have  the  highest  Tion  values. 
With  the  exception  of  Tanabe's  results  (Tion=9600  K),  the  Ar-MIPs,  He-MIPs,  and 
the  He -CMP  exhibit  similar  Tion  values. 

Background  Spectra 

Figures  5-4  and  5-5  show  the  background  spectra  with  aqueous  and  organic 
solution  nebulization.  The  aqueous  solution  spectrum  shows  a  simple  background 
structure.  Atomic  lines  identified  were  due  to  H,  O,  and  He.  Molecular  bands  from  OH 
are  also  present.  The  background  is  similar  to  that  previously  reported  for  the 
He-CMP,62  operated  at  3.6  L  min"1  He  and  500  W,  and  the  He-ICP,176'222  operating 
at  7  L  min"1  and  1500  W.  Ishii  et  al.175  reported  an  increase  in  molecular  bands  due  to 
NO,  NH,  N2,  and  N2+  in  the  He-ICP  versus  the  Ar-ICP.  This  was  due  to  the  lower 
plasma  gas  flow  rate  in  the  He-ICP  (7  L  min"1  vs  15  L  min"1  Ar),  lower  gas 
temperature  vs  the  Ar-ICP,  and  the  greater  excitation  capabilities  of  He.  In  our  system, 
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no  bands  due  to  nitrogen  containing  molecules  were  identified.     In  the  He -CMP 

background  spectrum  reported  by  Hanamura  et  al.62  several  intense  molecular  bands 

identified  as  NH  and  N  were  present.    The  observation  height  in  our  work  was  5  mm 

above  the  electrode  while  that  of  Hanamura  et  al.62  was  «  1-2  mm.    In  the  system  of 

Hanamura  et  al.62  the  top  of  the  electrode  was  approximately  even  with  the  top  of  the 

quartz  torch.     The  quartz  torch  used  in  our  research  extended   12  mm  above  the 

electrode.     This  decreased   the  amount  of  air  entrainment.      In  comparison  to  the 

Ar-CMP,  the  He-CMP  spectrum  is  simpler,  due  to  the  absence  of  Ar  lines.   As  stated 

in  the  stability  diagram  section,  the  color  of  the  cylindrical  He-CMP  is  pink.    Figure 

5-4  shows  the  three  most  intense  lines  are  due  to  H  or  O.    The  oxygen  777  nm  line 

occurs  in  the  near  infrared  region.  The  H  line  at  656.3  nm  was  approximately  two  times 

as  intense  as  the  H  486. 1  nm  line.   Since  the  656.3  nm  line  occurs  in  the  red  portion  of 

the  visible  region,  the  plasma  is  pink  in  color. 

The  background  spectrum  of  the  He-CMP  while  nebulizing  kerosene  is  given  in 

Figure  5-5.  Upon  addition  of  organic  compounds,  the  background  becomes  much  more 

complex.   Species  present  include  C(I),  C2,  CH,  CH,  H(I),  and  0(1).  Published  spectra 

and  data  tables  were  used  for  identification.155'223-245  The  center  portion  of  the  plasma 

was  green  from  the  C2  emission.224  A  dominant  feature  of  the  organic  background  is  C-, 

bands.    Swan226  was  the  first  to  study  these  bands.    Attfield227  attributed  these  bands  to 

carbon  and  reports: 

the  spectrum  of  carbon  is  a  very  beautiful  one.  The  lines  composing  each  band  of 
light  regularly  diminish  in  brightness  in  the  direction  of  greatest  refraction,  and 
appear  to  retreat  from  the  observer  like  pillars  of  a  portico  seen  in  perspective,  (p. 

224)227 
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The  C2  bands  in  the  region  of  400-700  nm  are  referred  to  as  "Swan"  bands  in  honor  of 

W.  Swan.  The  organic  background  spectrum  is  similar  to  that  reported  in  flames225  and 

the  Ar-ICP.155'223  The  presence  of  cyanogen  (CN)  in  the  background  spectrum  probably 

indicates  a  contaminant  in  the  kerosene.     In  the  aqueous  background,  no  nitrogen 

containing  bands  (N2,  NH,  or  NO)  were  observed.   The  source  of  the  nitrogen  must  be 

the  organic  solution  and  not  air  entranment. 

Limits  of  Detection.  LODs 

In  Table  5-6,  the  limits  of  detection  (3a)  are  given  for  several  elements  along  with 
the  LODs  reported  by  others  for  N2-CMP,  spherical  He -CMP,  and  Ar-ICP.  Results 
by  Dahmen,228  using  a  N2-CMP,  were  reported  as  2a  and  have  been  multiplied  by  3/2. 
In  our  system,  the  results  for  Si,  Li,  and  Cs  are  lower  than  those  previously  reported  for 
CMPs.  The  cylindrical  He -CMP  was  developed  by  us  for  the  analysis  of  Si  in  organic 
solutions,  as  discussed  in  chapter  3.  Hwang  et  al.61  have  published  the  lowest  LODs 
using  a  CMP  source.  Hwang  et  al.61  used  a  He -CMP  operating  at  6  L  min"1  He  and 
900  W.  Our  results  for  Fe  and  Ti  are  an  order  of  magnitude  poorer  than  those 
previously  published.  LODs  in  this  work  are  also  inferior  to  those  of  Ar-ICP,  with  the 
exceptions  of  Li  and  Cs.  The  LODs  for  Cs229  and  Li230  by  Ar-ICP  were  0.16  fig  mL"1 
and  45  /xg  mL"1,  respectively.  The  precision,  %RSD,  was  1-3%  for  the  elements 
studied  at  a  concentration  100  times  the  LOD. 
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Table  5-6:    Limits  of  detection  (//g  mL~')  in  aqueous  solutions. 


Element 

X  (nm) 

This 
work 

N2-CMP228 

He-CMP61 

Ar-ICP229 

Si 

251.6 

0.3 

3.0 

0.01 

Cd 

228.8 

0.3 

0.2 

0.006 

0.003 

Mg 

285.2 

0.09 

0.03 

0.002 

0.002 

Cu 

324.8 

0.2 

0.01 

0.005 

Li 

670.8 

0.002 

1.0* 

0.2f 

Fe 

371.9 

5 

0.2 

0.01 

0.004* 

Ti 

334.9 

11 

0.8§ 

0.004 

0.004 

Cs 

852.1 

0.07 

0.8 

45 11 

*610.4  nm 
+Ref.  230 
*238.2  nm 
§498.2  nm 
II 452.7  nm 
^Ref.  229 
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Conclusions 

The  cylindrical  plasma  was  investigated  for  electronic  excitation  temperature, 
rotational  temperature,  ionization  temperature,  and  electron  number  density.  The  effect 
of  the  addition  of  aqueous  and  organic  solutions  upon  the  electronic  excitation  and 
rotational  temperatures  along  with  the  electron  number  density  was  studied.  From  this 
study,  several  conclusions  are  made:  1)  in  the  CMP,  introduction  of  solutions  decreased 
Trot  while  increasing  nc,  2)  values  of  Texc,  Trot,  and  ne  were  not  statistically  different 
between  aqueous  and  organic  solutions  in  the  CMP,  3)  Texc  and  Trot  values  in  the  He- 
CMP  were  similar  to  those  of  the  MIPs  and  He-ICP  while  being  lower  than  the 
Ar-ICP,  and  4)  the  He -CMP  has  nc  values  that  are  higher  that  those  reported  in  the 
He-ICP,  but  lower  than  results  with  MIPs  and  Ar-ICP.  It  is  also  recommended  that 
Trot  measurements  be  performed  using  N2+  instead  of  OH.  This  is  based  on  N2+ 
displaying  a  greater  number  of  usable  lines  and  more  linear  Boltzmann  plots  versus  OH. 
The  cylindrical  He -CMP  is  not  in  local  thermodynamic  equilibrium  (LTE)  as  indicated 
by  the  difference  in  temperatures  obtained  for  Texc,  Trot,  and  Tion.  The  theory  for 
temperature  determinations  is  based  on  LTE.  Several  researchers  have  indicated  that  the 
theory  is  applicable  if  the  value  of  ne  is  above  2xl014  cm"3.172,192  In  the  cylindrical 
He -CMP,  the  value  for  nc  is  above  this  limit.  Based  on  the  temperatures  and  the  LODs 
of  the  cylindrical  He -CMP,  it  appears  this  system  behaves  more  like  a  high  temperature 
flame  than  a  He -plasma. 


CHAPTER  6 
CONCLUSIONS 


Summary  of  This  Work 

A  He-CMP  is  developed  to  determine  Si  in  organic  solution.  In  the  He-CMP, 
spherical  and  cylindrical  plasmas  are  produced.  A  cylindrical  plasma  is  produced  at  flow 
rates  above  7  L  min'1,  while  flow  rates  between  3.5  L  min"1  and  7  L  min"'  produced  the 
spherical  plasma.  The  cylindrical  He-CMP  is  superior  in  the  quantitation  of  silicon, 
based  on  signal  and  S/N  measurements.  Techniques  of  pneumatic  nebulization  and 
thermal  vaporization  introduce  the  samples  into  the  He-CMP.  Pneumatic  nebulization 
He-CMP-OES  gives  an  LOD  of  0.3  p.g  mL"1  with  a  RSD  of  2%.  Thermal 
vaporization  He-CMP-OES  lowered  the  LOD  by  an  order  of  magnitude,  compared  to 
pneumatic  nebulization.  A  LOD  of  0.03  jug  mL"',  with  an  RSD  of  5-18%,  is  obtained 
by  TV-CMP-OES.  The  result  for  TV-CMP-OES  is  similar  to  results  reported  by 
GF-OES  and  ETV-ICP-OES,  for  the  determination  of  Si. 

Improvements  are  made  in  the  He-CMP  by  using  a  tungsten  electrode  and  lowering 
the  electrode  inside  the  quartz  torch.  The  tungsten  electrode  gives  lower  background  and 
noise  levels,  compared  to  a  graphite  electrode.  Lifetime  of  the  CMP  electrode  is 
extended  by  fabricating  the  electrode  from  tungsten.  A  tungsten  electrode  has  been  used 
for  over   150  hours,  at  700-1000  \V.   with  no  visible  sign  of  deterioration.     The 
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cylindrical  He -CMP  becomes  more  stable  after  lowering  the  electrode  to  10  mm  below 
the  top  of  the  quartz  torch.    This  "depth"  of  10  mm  increased  the  Si  signal  and  S/N. 

Diagnostics,  temperatures  and  electron  number  density,  are  determined  in  the 
cylindrical  He -CMP.  Electronic  excitation  temperature  (Tcxc)  is  =3400  K.  Rotational 
temperature  (Trot)  is  determined  using  OH  and  N2+  molecules.  Values  of  1600  K  and 
1900  K  are  found  using  OH  and  N2  +  ,  respectively,  for  Trot.  Electron  number  density 
(ne)  is  4X1014  cm"3.  The  values  for  Texc,  Trot,  and  ne  are  similar  for  both  aqueous  and 
organic  solution  nebulization.  Ionization -recombination  temperatures  (Tion)  are  6200 
K  and  5600  K,  using  aqueous  solutions  of  Cd  and  Mg,  respectively.  The  plasma  is  not 
in  local  thermodynamic  equilibrium  as  indicated  by  the  different  values  reported  for  Texc, 
Trot,  and  Tion.  However,  the  value  of  nc  is  above  2  x  1014  cm3,  indicating  the  plasma  is 
in  partial  local  thermodynamic  equilibrium,  which  makes  the  theory  of  diagnostical 
measurements  applicable. 

Background  spectra  in  the  cylindrical  He-CMP,  for  aqueous  and  organic  solutions, 
are  similar  to  spectra  reported  in  the  literature  for  flames  and  ICPs.  An  aqueous  solution 
background  spectrum  has  atomic  lines  of  He,  H,  and  O,  and  molecular  bands  due  to  OH. 
Organic  solution  background  spectrum  is  similar  to  that  obtained  with  aqueous  solution, 
with  the  addition  of  molecular  bands  due  to  C2,  CH,  and  CN.  In  general,  LODs  for 
transition  metals,  in  aqueous  solutions,  are  in  the  high  ng  mL'1  range.  LODs  for  alkali 
metals  are  in  the  pg  ml1  range.  Based  on  the  LODs  and  diagnostical  measurements, 
it  appears  the  cylindrical  He-CMP  is  more  like  a  high  temperature  flame  than  a  plasma. 
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Unexplored  Marvels 

Presently,  there  is  no  literature  on  the  use  of  a  CMP  as  a  source  for  mass 
spectrometry.  Both  MIPs  and  ICPs  are  used  to  introduce  ions  into  mass  spectrometers. 
The  majority  of  research  has  employed  the  use  of  argon  as  the  plasma  gas  in  plasma 
mass  spectrometry.  Several  researchers  are  investigating  the  use  of  He-MIP  and 
He-ICP  as  ion  sources  for  MS. 

The  use  of  Ar  as  a  plasma  gas  in  ICP-MS  and  MIP-MS  has  several  disadvantages 
which  may  be  overcome  by  using  He.  Ar  plasmas  are  not  efficient  as  ion  sources  for 
elements  with  high  ionization  potentials,  such  as  the  halogens.  The  ionization  energy  of 
He,  24.6  eV,  is  higher  than  that  of  Ar,  15.8  eV.  He  plasmas,  as  ion  sources  for  MS, 
should  improve  the  degree  of  ionization  of  the  elements,  especially  for  elements  with 
ionization  energies  above  15.8  eV.  Mass  spectral  interferences  from  Ar  and  polyatomic 
species  also  produce  problems,  particularly  with  the  determination  of  Ca,  Fe,  Si  and  Se. 
Using  He  should  decrease  this  problem.  However,  formation  of  helium  polyatomic 
species  is  a  possibility  and  research  is  needed  in  this  area. 

The  CMP  as  a  source  for  MS  has  several  advantages  over  the  MIP.  A  very  stable 
plasma  is  produced  in  the  CMP,  which  can  operate  over  several  hours  with  no  problems. 
Plasmas  produced  in  MIPs  are  often  more  difficult  to  initiate  and  keep  centered  in  the 
quartz  torch.  The  torch  also  requires  frequent  replacement.  The  background  from  the 
elctrode  may  cause  a  potential  problem  in  CMP -MS.  Elements  which  are  present  in  the 
electrode  will  probably  appear  in  the  mass  spectrum.  The  tungsten  electrode  is  very 
durable  and  the  possibility  exists  that  background  levels  due  to  W  ions  may  be  minor. 
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Because  of  the  higher  ionization  potential  of  helium,  compared  to  Ar,   helium 

plasmas  have  been  applied  to  the  measurement  of  halogens,  using  optical  emission 

spectroscopy.    Helium  plasmas  give  lower  LODs  for  halogens  than  Ar  plasmas.    In  our 

laboratory,  some  research  has  been  performed  in  the  detection  of  fluorine  and  chlorine 

using  pneumatic  nebulization  by  He-CMP-OES.    A  preliminary  study  gave  LODs  of 

0.4  and  1.2  n°  ml/1  for  chlorine  and  fluorine,  respectively,  in  an  organic  matrix.    The 

quantitation  of  chlorine  and  fluorine  is  of  interest  to  the  petroleum  industry  because  of 

environmental  concerns  and  possible  future  regulations.     The  technique  of  thermal 

vaporization  should  be  investigated  to  lower  the  LODs. 

Further  development  of  the  CMP  may  involve  research  in  different  torch  designs. 
The  torch  presently  used  is  a  two  tube  torch  that  produces  a  rotational  symmetrical 
formation  of  plasma  gas  (annular  flow)  around  the  electrode.  This  type  of  flow  is  used 
in  ICP  torches.  Torches  employed  in  ICP  have  three  tubes.  The  third  tube  allows 
introduction  of  an  outer  "coolant"  gas  flow.  In  the  CMP,  this  third  tube  would  allow  the 
introduction  of  a  coolant  gas  to  minimize  melting  of  the  quartz  torch.  With  this  third 
tube,  the  inner  dimensions  of  the  torch  may  be  decreased,  further  constricting  the  plasma 
and  decreasing  the  plasma  gas  consumption.  Constricting  the  plasma  may  increase  the 
electron  number  density  and  improve  the  analyte  emission  signal. 

Little  research  has  been  reported  on  the  optimum  configuration  of  the  CMP 
electrode.  The  diameter  of  the  electrode  could  be  changed,  producing  changes  in  the  size 
of  the  plasma.  A  larger  diameter  electrode  may  create  a  larger  plasma,  more  like  the 
size  of  the  ICP  (20  mm  diameter).    A  smaller  diameter  electrode  would  give  a  smaller 
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plasma,   which   may   have  an    increased   electron   number  density   and   temperature, 

facilitating  the  use  of  optical  emission  spectroscopy  for  elemental  analysis.    Previously, 

the  outer  dimension  of  the  electrode  was  chosen  to  prevent  the  electrode  from  descending 

into  the  inner  tube  of  the  quartz  torch.    The  shape  of  the  top  of  the  electrode  needs 

further  investigation.     Power  levels  above  1400  W  produce  a  filament  plasma,  which 

forms  on  the  edge  of  the  electrode.     Fabricating  an  electrode  with  angled  edges  may 

decrease  this  phenomena  and  allow  for  the  use  of  higher  power  levels. 

Comparisons  should  also  be  performed  on  the  background  of  the  spherical  and 
cylindrical  plasmas  formed  in  the  He -CMP.  Not  only  does  the  background  emission 
level  increase  in  the  cylindrical  plasma,  compared  to  the  spherical  plasma,  but  the 
number  of  emission  lines  also  increase.  A  study  should  be  performed  to  compare, 
contrast,  and  identify  the  atomic  transitions  occurring  in  the  He-CMP  with  those 
reported  in  He-MIPand  He-ICP. 

The  above  ideas  are  given  to  solve  current  problems  and  extend  the  knowledge  of 

plasmas,  and  in  particular,  the  study  of  the  cylindrical  He-CMP.    Future  achievement 

of  these  ideas  would  not  conclude  the  study  of  plasmas,  but  only  open  new  areas  of 

research.    This  is  also  stated  by  the  entomologist  Jean  Henri  Fabre  (p.  379)  as  follows: 

because  I  have  shifted  a  few  grains  of  sand  upon  the  shore,  am  I  in  a  position  to 
understand  the  abysmal  depths  of  the  ocean?  Life  has  many  unfathomable  secrets. 
Human  knowledge  will  be  erased  from  the  world's  archives  before  we  know  the  last 


word  concerning  a  gnat. 
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APPENDIX 
ABBREVIATIONS  AND  SYMBOLS 


A  Width  of  waveguide  (arbitrary  units) 

AES  Atomic  emission  spectrometry 

Ak  Einstein  transition  probability  (s"1) 

Ar  Argon 

B  Rotational  constant  (cm1) 

B  Length  of  waveguide  (arbitrary  units 

c  Speed  of  light  (m  s"1) 

CMP  Capacitively  coupled  microwave  plasma 

DCP  Direct  current  plasma 

DSI  Direct  sample  insertion 

Ej  Ionization  potential  (erg  =  g  cm2  s":) 

Ek  Excitation  energy  for  a  spectral  line  (cm"') 

Er  Rotational  energy  (J) 

ETV  Electrothermal  vaporization 

/  Frequency  (Hz) 

fc  Cutoff  frequency  (Hz) 

fk  Oscillator  strength  (dimensionless) 

FAPES  Furnace  atomization  plasma  emission  spectrometry 
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-ii 
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FWHM 

G 

GC 

GFAAS 

GFCCP 

gk 
h 

He 

hf 

I 

ICP 

Ie 

J 

K' 

K* 

kB 

LDR 
LOD 
LOQ 

LTE 


Full -width  at  half  maximum  (A) 

Graphite 

Gas  Chromatography 

Graphite  furnace  atomic  absorption  spectrometer 

Graphite  furnace  capacitively  coupled  plasma 

Statistical  weight  (dimensionless) 

Planck's  constant  (J  s) 

Helium 

High-frequency  (Hz) 

Intensity  of  a  spectral  line  (W  cm"2  sr"1) 

Inductively  coupled  plasma 

Moment  of  inertia  (kg  m2) 

Total  angular  momentum  quantum  number  (dimensionless) 

Value  such  that  K'  =  K~+1  for  the  R  branch  and  K'=K~-1  for  the  P 

branch  of  N2+  (dimensionless) 

Quantum  number  (dimensionless) 

Boltzmann  constant  (0.695  cm"1  K"1) 

Linear  dynamic  range 

Limit  of  detection 

Limit  of  quantitation 

Local  thermodynamic  equilibrium 

Mass  of  the  electron  (°) 
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MIBK  Methyl  isobutyl  ketone 

MIP  Microwave  induced  plasma 

MS  Mass  spectrometry 

N  Blank  noise  level  (counts  or  arbitrary  units) 

nc  Electron  number  density  (cm"3) 

nk  Population  density  of  the  excited  state  k  (atoms  cm"3) 

n0  Total  number  density  of  atoms  or  ions  (cm"3) 

OES  Optical  emission  spectrometry 

PDA  Photodiode  array  detector 

PN  Pneumatic  nebulization 

Qr  Internal  partition  function  (dimensionless) 

Rf  Radio  frequency  (Hz) 

RSD  Relative  standard  deviation 

S  Signal  (counts  or  arbitrary  units) 

SFC  Supercritical  fluid  chromatography 

SMA  Simultaneous  multielement  analysis 

S/N  Signal -to -noise  ratio  (dimensionless) 

T  Temperature  (K) 

TE  Transverse  electric  wave 

TEM  Transverse  electric  magnetic  wave 

Texc  Electronic  excitation  temperature  (K) 

T-  Ionization -recombination  temperature  (K) 
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TM  Transverse  magnetic  wave 

Trot  Rotational  temperature  (K) 

TV  Thermal  vaporization 

U(T)  Partition  function  (dimensionless) 

a  Multiplicative  factor  (dimensionless) 

al/:  Fractional  intensity  half- width  (dimensionless) 

AX,,,  Stark  half- width  (A) 

X  Wavelength  (nm) 

Xc  Cutoff  wavelength  (nm) 

Xg  Wavelength  in  the  waveguide  (nm) 

/.t  Magnetic  permeability  (or  inductivity)  [Henry  in"1] 

H0  Permeability  in  free  space  (47rxl07  Henry  m"1) 

fir  Relative  permeability  (dimensionless) 

v  Frequency  (Hz) 

v?  Phase  velocity  in  an  unbounded  dielectric  (m  s"1) 

a  Conductivity  of  the  medium  (mhos  m"') 

a  Standard  deviation 
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